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ABSTRACT
Gundapaneni, Dinesh Ph.D., Engineering Ph.D. program, Wright State University, 2017.
Computational Simulations of Biomechanical Kinematics in WSU Total Ankle
Replacement Systems.
Ankle arthritis constitutes about 10% of all joint arthritis cases, however, the revision rate
of ankle replacement devices is three times higher than comparable hip and knee devices.
With complicated bone morphology and surrounding ligament structures, the physiological
and gait characteristics of the ankle joint presents a challenge to biomechanicians. As a
result, there is a lack of fundamental understanding how the ligaments and articular
surfaces interact. The objective of this doctoral research is to address the pattern of contact
at the joint articulation, the fundamental role of ligaments in joint mobility, and
biomechanics of total ankle replacement (TAR) devices. In this study, an attempt was made
to describe the ankle joint kinematics under static and unloaded conditions by means of
mechanical linkage. A rigid body linkage mechanism was subscribed to the 3D model of
the ankle joint based on ligament markings to predict kinematic coupling. Motion analysis
was conducted to derive articular curvature of the tibia and talus at the joint by simulating
flexion motion. The joint biomechanics in the presence of TAR devices was simulated by
finite element analysis (FEA). Gait loads were applied in TAR devices, and annual wear
rate and contact pressure predicted and compared with published data.
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Chapter 1: Introduction
The ankle joint is a complex joint when compared to other lower limb joints, surrounded
by ligament complexes on medial and lateral sides. Foot and ankle injuries are the most
common musculoskeletal injuries, involving sprains and fractures (Valderrabano et al.,
2017). When compared with hip and knee joints, the ankle joint experiences a higher load
applied to a smaller surface area (Michael et al., 2008). However, the number of ankle
arthritis cases are far less than hip and knee arthritis cases. Limited data is available about
the prevalence of ankle arthritis in general population, but approximately 50,000 new cases
are reported each year (Saltzman et al., 2009). Widely accepted surgical treatments to treat
ankle arthritis are arthrodesis (a.k.a fusion) and total ankle arthroplasty (a.k.a. total ankle
replacement). Total ankle replacement (TAR) is emerging as an alternative to ankle
arthrodesis. The advantage of replacing the ankle joint helps in preserving the movement
and function of the joint (Gougoulias et al., 2009). This results in relief from pain and
improves gait by reducing limp and protection of other joints (Valderrabano et al., 2003a).
Though the short-term and intermediate outcomes were satisfactory, long-term follow up
studies have shown higher failure rates due to major complications like infections and
loosening of the components (Michael et al., 2008), (Gougoulias et al., 2009). A mean rate
of 3.29 revisions per 100 patients was reported in the case of total ankle replacement which
is significantly higher when compared to a revision rate of 1.29 and 1.26 in case of total
hip and knee replacements, respectively (Labek et al., 2011). The rates of major revision
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surgery after total ankle replacement are high when compared to arthrodesis where a
revision rate of 9% for one year and 23% for five years was observed for a total of 480
ankle replacements whereas in the case of arthrodesis a revision rate of 5% and 11% was
observed for a total of 4705 cases for one year and five years, respectively (SooHoo et al.,
2007).
Several studies reported the failure of these devices, where most of them are clinical
studies, and there is no engineering study that addressed the reasons for failure.
Morphological evaluation, and mathematical modeling to understanding the ankle joint
biomechanics were attempted by several authors in the past using 2D data. Only a few
studies used 3D data, but they are limited to very few parameters. Even though major
improvements were made to TARs in the past two decades, revision rates in TAR continue
to be higher when compared with hip and knee arthroplasty (Elliot et al., 2014). This is due
to lack of proper understanding of ankle joint kinematics and inability to restore joint
motion in TAR devices (Giannini et al., 2000). Therefore, there is a need of thorough
understanding of failure mechanisms, ankle morphology and kinematics, and device
biomechanics is necessary to improve TAR devices by replicating kinematics close to the
natural joint.
Due to complex nature of the ankle joint, most studies have not fully described the role of
articular surfaces and ligaments in affecting the joint motion. In this dissertation, the
fundamental understanding of ankle joint biomechanics, which involves the orientation of
tibia and talus axis of rotation, relationship between tibia and talus morphological
parameters, the pattern of contact at the joint articulation, arrangement and coupling role
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of ligaments, and biomechanics of TAR devices under gait loads have been deduced by
conducting computational analyses within the following frameworks.

Problem Statement and Research Objectives
To understand the failure mechanisms associated with ankle devices
-

Conduct case studies involving prematurely failed ankle devices.

-

Material characterization, and fractography analysis to identify potential failure
modes.

-

Determine the role of oxidation in affecting the strength of the polymer.

-

Develop 3D models and conduct finite element analysis to validate the modes of
failure.

-

Biomechanical aspects of failure

To understand the role of ankle joint morphology on kinematics of the joint
-

Develop 3D models using radiology data to perform morphological measurements.

-

Determine the effect of gender and image acquisition technique on morphological
parameters.

-

Compare the morphological parameters obtained with dimensions of existing TAR
devices.

-

Apply linkage mechanism to replicate the ankle joint motion in the sagittal plane
under passive loading conditions.

-

Derive a ligament compatible radius of curvature for tibia and talus in 3D.

-

Determine the effect of ligament arrangement on the articulation of the joint.

To understand the biomechanical behavior of TAR devices
-

Determine the wear characteristics of WSU TAR devices under gait loads.
3

-

Effect of mechanical properties of the material on von Mises and contact stress
distribution in TARs.

-

Compare biomechanics of mobile bearing devices and fixed bearing devices.

This dissertation is divided into eight chapters. After the introduction, the second chapter
provides a comprehensive review of the ankle joint. This chapter includes basic
background information on the ankle joint anatomy and biomechanical aspects of the joint.
Later in this chapter, ankle joint disorders and currently available treatments, and their
limitations were discussed. Using national joint registries data, a systemic review of
demographics of TAR was provided. Finally, previous works related to the cadaver
experiments, gait studies, finite element analysis (FEA) and geometric models of the ankle
joint were discussed.
Chapter 3 involves investigation of a prematurely failed Intramedullary device (IM nail),
used in tibiotalocalcaneal arthrodesis. Visual inspection and optical microscopy were used
to identify damage/failure modes at the surface level. By using patient’s radiology data, the
positioning of the IM nail was analyzed in the sagittal and coronal planes. Material property
determination and microstructural analysis were conducted in accordance with ASTM
standards for material conformity. To identify the reasons for failure, fractography analysis
was conducted by using a stereomicroscope, and scanning electron microscope (SEM).
FEA and numerical analysis were performed for better understanding the failure scenario
and to validate the obtained results under different loading conditions.
Chapter 4 focuses on the characterization of retrieved total ankle replacement liners. Two
prematurely failed total ankle replacement devices which are widely used in the US were
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investigated. Preliminary details regarding failure/damage modes were obtained by using
optical microscopy. To map the oxidation in the liners, Fourier Transform Infrared
Spectroscopy (FTIR) was used, and confocal microscopy was used to conduct fractography
analysis at the surface and sub-surface level. Effect of oxidation on liner strength was
determined. A comparative analysis was performed by using a shelf aged liner, and 3D
models were developed based on confocal imaging data for better understanding about
failure modes and to validate our findings.
Chapter 5 evaluates the morphological parameters of the ankle joint. Radiology data of 22
patients was analyzed, and 3D models were developed. A reference cardinal system was
defined to measure 40 morphological parameters of the tibia and talus by considering talus
landmarks. Bone sections were created by defining planes in the sagittal and coronal
planes. Statistical analysis was performed to determine the difference between males and
females, acquisition techniques (CT and MRI), and to determine the correlation between
tibia and talus parameters. The obtained results were compared to dimensions of existing
TAR devices, and prediction equations were derived relating the tibial with the talus
parameters.
Chapter 6 analyzes the passive kinematics of the ankle joint. 3D models of the joint were
developed by using the CT data, and respective MRI data was used to identify the ligament
origin and end points, required to subscribe a four-bar linkage mechanism. Motion analysis
was performed to simulate dorsiflexion and plantar flexion motion of the ankle joint motion
in the sagittal plane. To establish a relationship between ligament parameters and curvature
values, the radius of the tibia and talus was derived in three sagittal planes based on
obtained articulation points during flexion motion. Statistical analysis was performed to
5

identify significant parameters affecting the linkage behavior, and prediction expressions
were derived relating ligament parameters with obtained radius values.
Chapter 7 determines the wear characteristics of WSU total ankle replacement devices
(TARs) under shear, torsion and dynamic loads. Different metal alloys (Co-Cr-Mo, SS
316L, Ti-6AL-4V) were considered as tibial and talar components and viscoelastic
parameters were used to model ultrahigh molecular weight polyethylene (UHMWPE) for
the bearing component. Different contact theories were compared, and wear model based
on Hertzian contact theory and Archard’s wear law used to determine the yearly wear rate
in WSU TARs. FEA was performed to determine the von Mises and contact stresses in the
bearing component under applied loads. The effect of different materials on the contact
stress values loading conditions was analyzed for different loading conditions. Wear
characteristics of the fixed bearing TAR model was determined and the results were
compared with values obtained for mobile bearing models. Statistical analysis was
performed to derive prediction equations relating contact stress and wear rate with a degree
of rotation in mobile bearing TARs.
Chapter 8 summarizes the research findings of chapters 3-7. In this chapter, the significance
of obtained results was discussed, and recommendations for future research provided by
addressing both the clinical and biomechanical aspects of the ankle joint, and its related
devices. These research findings could help in the design and development of novel TAR
devices with better longevity than current devices, thereby reducing the costs and revision
rates.
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Chapter 2: Background
Ankle Joint Anatomy
The human ankle joint acts as a connection between foot and lower leg and is composed
of three bones tibia (shin), fibula (calf) and talus (ankle) as shown in figure 2.1. On the
distal side, both tibia and fibula articulate with talus to form talocrural joint, commonly
known as ankle joint. The ankle joint is a congruent synovial joint with curved articular
surfaces and surrounded by ligament complexes on both the medial and lateral sides
(Morton et al., 2011), (Kelikian et al., 2011). Ankle joint is a combination of three joints;
1) Tibiofibular joint - articulation between the tibia and fibula, 2) Tibiotalar joint –
articulation between the tibia and talus and 3) Talofibular joint – articulation between the
fibula and talus. The tibiofibular ligaments bound the tibia and fibula together to form a
bracket shaped socket called mortise between medial and lateral malleoli (Mann et al.,
2014), (Thordarson et al., 2012). The body of the talus is wedge-shaped with convex upper
surface and concave from side to side (Morton et al., 2011), (Hoagland et al., 2016). The
mortise region of tibia and fibula articulates with the wedge-shaped region of the talus
called trochlea tali. Both the mortise and the trochlea tali are covered with hyaline cartilage
that allows the articular surfaces of tibia and talus to slide against each other during joint
motion (Thordarson et al., 2012), (Kelikian et al., 2011). The average radius of talar dome
(trochlea tali) is 20.7 mm, and the width of the talar dome (trochlea tali) decrease linearly
from anterior to posterior side, with an average difference of 4.7 mm (Hayes et al., 2006).
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Towards the anterior side of the lower ankle joint, the talus bone articulates with the
calcaneus and navicular bones forming the talocalcaneonavicular joint. The ankle joint
stability is controlled by two joints 1) Subtalar joint – the articulation between the talus and
calcaneus bones and 2) Transverse tarsal joint – a combination of talonavicular
(articulation between the talus and navicular bone) and calcaneocuboid (articulation
between the calcaneus and cuboid bones) joints. The position of each bone in these joints
determines the stability of the ankle joint complex during motion (Morton et al., 2011),
(Parekh, 2012).

Figure 2.1 Anatomy of ankle joint showing bones and surrounding joints (Provelengios et al., 2009)

The ankle joint is supported by collateral ligament complex on the lateral side and deltoid
ligament complex on the medial side as shown in figure 2.2. These ligament complexes
help in guiding the motion as well as maintaining the stability of the joint. Lateral collateral
ligament complex consists of three ligaments; a) Anterior talofibular ligament (ATaFiL)
b) Posterior talofibular ligament (PTaFiL) and c) Calcaneofibular ligament (CaFiL)
(Tandoğan et al., 2011), (Hoagland et al., 2016). By considering subtalar (talocalcaneal)
joint, the lateral ligament complex consists of three more ligaments a) Lateral talocalcaneal
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ligament (LTaCaL), b) Cervical ligament (CL) and c) Interosseous talocalcaneal ligament
(ITaCaL) (Kelikian et al., 2011), (Thordarson et al., 2012). ATaFiL originates from fibular
malleolus and connects to the talus towards the anterior side. The PTaFiL is the strongest
ligament when compared with other ligaments in the complex. It originates from the fossa
of the lateral malleolus and inserts onto the posterior tubercle of the talus. CaFiL originates
from the tip of lateral malleolus and inserts onto the lateral aspect of calcaneus directly
below the fibula towards the posterior side. When compared with ATaFiL, CaFiL is thicker
and stronger. The cervical ligament (CL) acts as the strongest bond between talus and
calcaneus (Hoagland et al., 2016).
Deltoid ligament complex consists of two portions; a) Superficial deltoid ligament and b)
Deep deltoid ligament. The superficial deltoid ligament is a fan-shaped complex and
attaches to the tibia, talus, calcaneus and navicular bones (Kelikian et al., 2011),
(Thordarson et al., 2012). It originates from the anterior bony prominence of the medial
malleolus (anterior colliculus), inserts onto the navicular bone on the anterior side by
tibionavicular ligament (TiNaL) (Tandoğan et al., 2011), Another portion of the deltoid
ligament inserts onto sustentaculum tali by tibiocalcaneal ligament (TiCaL), and on the
posterior side, it inserts onto talus by posterior tibiotalar ligament (PTiTaL) (Hoagland et
al., 2016). The deep deltoid ligament is shorter and thicker than superficial ligament
(Parekh, 2012). It originates from the posterior portion of the anterior colliculus (at the
inter-collicular groove and posterior colliculus) and inserts onto medial surface of the talus.
It is oriented transversely and positioned next to a medial portion of ITaCaL. Syndesmosis
complex connects the tibia to the fibula and it consists of three ligaments a) Antero-inferior
tibiofibular ligament (AITiFiL) b) Posteroinferior tibiofibular ligament (PITiFiL) and c)
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Interosseous tibiofibular ligament (ITiFiL). All these ligament complexes help in
preventing excessive range of motion of the ankle joint in medial and lateral directions
(Parekh, 2012), (Kelikian et al., 2011), (Thordarson et al., 2012).

Figure 2.2 Anatomy of ankle joint showing ligaments and tendons (Mencio et al., 2014).
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Muscles acting on the foot can be divided into two groups; a) Extrinsic and b) Intrinsic
muscles (Tandoğan et al., 2011). Tendons that cross the ankle guide in joint movement and
stabilize the joint distally. Except for the gastrocnemius muscle, the majority of muscles
that drive the motor units of the ankle joint are located in the calf region (Bozkurt, 2015),
(Parekh, 2012). Based on their arrangement, the extrinsic muscles can be grouped into; a)
Extensors, b) Lateral group (peroneals) and c) Flexors. Extensors are present in the anterior
compartment of leg and comprise of tibialis anterior, extensor halluces longus, extensor
digitorum longus and fibularis tertius as shown in figure 2.2 (Bozkurt, 2015), (Parekh,
2012). Tendons that belong to this muscle group are bounded by the extensor retinacula
and they pass anteriorly to the ankle joint. The lateral group arises from the lateral
compartment of the leg and comprises of fibularis (peroneus) longus and fibularis
(peroneus) brevis (Parekh, 2012). Fibular retinacula bound the tendons that belong to this
muscle group and pass posteriorly to the lateral malleolus of the ankle joint. The flexors
originate from the posterior compartment of the leg, and they are divided into two groups;
a) Superficial flexors - gastrocnemius and soleus and b) Deep flexors - flexor digitorum
longus, flexor halluces longus and tibialis posterior. Tendons that belong to superficial
flexors are inserted into calcaneus bone whereas deep flexor tendons are bounded by flexor
retinaculum (Bozkurt, 2015), (Parekh, 2012).
Dorsiflexion muscle group consist of extensors, innervated by deep peroneal nerve, and
the blood is supplied by the anterior tibial artery. Both anterior and posterior muscles form
the invertors of the foot. This group consists of Achilles, tibialis anterior and deep flexors.
The anterior muscles are stimulated by deep peroneal nerve and nourished by the anterior
tibial artery, whereas posterior muscles are stimulated by tibial nerve and blood supply is
11

provided by a tibial artery (Espinosa et al., 2010), (Bozkurt, 2015), (Parekh, 2012). Plantar
flexion group is a combination of Achilles, peroneal and posterior muscles of the inversion
group. Achilles tendon is the thickest and strongest of the group and it is motored by
gastrocnemius and soleus triceps muscles. Peroneals are stimulated by superficial peroneal
nerve (Bozkurt, 2015), (Parekh, 2012).

Biomechanics of Ankle Joint
Structure and Mechanical Properties of Bones and Cartilage
Bone is a biological composite and exists in three phases; a) cellular components, b)
hydrated extracellular organic matrix and c) extracellular mineral phase. Cellular
components of the bone constitute about 8% by weight involving bone forming
(osteoblasts) and bone resorbing (osteoclasts) cells. The extracellular organic matrix
constitutes about 25% of the bone and remaining 67% of the bone is made of mineral phase
(An et al., 1999), (An et al., 2003). The mechanical properties of the bone tissue depend
on relative proportions of these constituents and their organization. The organic matrix of
the bone is composed of type I collagen with non-collagenous proteins, glycoproteins, and
proteoglycans that constitutes about 90%. The mineral phase of the bone is made of
hydroxyapatite [Ca10(PO4)6(OH)2] (An et al., 2003). Like calcium phosphate,
Hydroxyapatite contains carbonate, but with less amount of calcium and has poor
crystallinity. Bone tissue can be segmented into two categories; a) cortical (compact) bone
and b) cancellous (spongy) bone. Cortical bone is a solid mass with densely packed osteons
and Haversian systems that provide the thick shell of the bone. Cancellous bone consists
of thin trabeculae that are arranged in a lattice and it is less mineralized (20%) than cortical
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bone, which is 90% mineralized (An et al., 2003). The thickness of the cortical bone and
the lattice structure of the cancellous bone are arranged in such a way that they can
withstand forces that occur during normal physiological activities, which makes bone an
anisotropic material (Anderson et al., 2006). Under compression tests, the ultimate strength
and elastic modulus of cortical bone range from 133-295 MPa and from 14.7-34.3 GPa,
respectively. During tensile loading, these values change and the strength ranges from 92188 MPa and for elastic modulus, these values range from 7.1-28.2 GPa, respectively (An
et al., 1999), (An et al., 2003). Under torsion and bending, the strength and elastic modulus
of cortical bone significantly change and these values are provided in table 2.1.
Table 2.1 Mechanical properties of bone under different loading conditions (An et al., 1999), (An et al.,
2003)

Loading Type
Compression
Tension
Torsion
Bending

Ultimate Strength (MPa)
133-295
92-188
53-76
35-283

Elastic Modulus (GPa)
14.7-34.3
7.1-28.2
3.1-3.7
5-23

When compared with cortical bone, cancellous bone exhibits weaker mechanical
properties. For cancellous bone, the values of ultimate strength and elastic modulus are
1.5-38 MPa and 10-1570 MPa, respectively (An et al., 1999). The elastic modulus of the
lower tibia was found to be between 300-450 MPa (Lowery, 1995). Similar properties were
found for fibula cortex as well (Yamada, 1970). Mechanical properties of ankle bones are
provided in table 2.2.
Table 2.2 Mechanical properties of Ankle bones (An et al., 1999), (An et al., 2003)

Tissue
Density (kg/m3)
Cortical
2000
Bone Cancellous
1100
Combined
1700-2000

Elastic Modulus (MPa)
17,500
445
7300

Poisson’s ratio, ν
0.3
0.3
0.3

Carter (1977) determined an empirical relationship between apparent density and elastic
modulus of the bone using CT data.
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dε 0.06
E = 3790ρ ( )
dt
3

eq. 2.1

Where,
𝑑𝜀

E – Elastic modulus (MPa), ρ – apparent density (kg/m3) and (𝑑𝑡 ) – strain rate for the
applied load.
This method can only be applied to isotropic models since it does not significantly detect
the anisotropic behavior of the bone. A multiple regression model was developed by Rho
(1993) based on Wolff’s law to predict the properties of trabecular bone by extrapolating
the relationship between elastic modulus (E) and density (ρ).
E = −0.29 + 0.0042ρ + 1.8 × 10−6 ρ2

eq. 2.2

Bandak (2001) developed a linear viscoelastic material model for trabecular bone and other
soft tissues by using a stress relaxation function.
−t

G(t) = Gl + (Gs − Gl )e τ

eq. 2.3

Where,
Gl and Gs – Long-term and short-term shear modulus, τ – relaxation constant
Shin (2012) modeled bones (tibia, fibula, talus, and calcaneus) as deformable bodies and
assigned with elastoplastic material properties. Micro-modeling of ankle bones with the
trabecular network was first conducted by Parr (2013). Both porous (with the trabecular
network) and non-porous (no trabecular network) bones were tested by applying a nominal
load of 1 MPa to talar trochlea by constraining the bottom surface of the bone. Talus with
the trabecular network was stiffer than non-porous bone and showed lower von Mises
stresses. A mean difference of 53.47% was observed between the results. Coelho (2009)
used homogenization to obtain equivalent material properties for the bone. A bone14

remodeling law was developed to achieve optimal topology, which increases the stiffness
of the structure.
P
∑NC
P=1 (α

∂EH
ijkl
∂a

ekl (up )eij (v P )) − k

∂μm
∂a

=0

eq. 2.4

Where,
H
NC – number of applied loads, αP – load weight factors, Eijkl
– homogenized material

properties, eij and ekl – components of strain field, up – displacement field, k and m – cost
of bone maintenance.
Human cartilage is an avascular, alymphatic connective tissue and it is of three types.
Hyaline cartilage is a glassy cartilage and found in articular joints. Elastic cartilage is a
type of hyaline cartilage but consists of dense elastic fibers. Unlike other cartilage types,
fibrous cartilage primarily consists of collagen type I fibers. Ankle joint consist of bones
covered with hyaline cartilage on articulating ends. Hyaline cartilage composed of 75-80%
wet weight fluid phase with ionic and non-ionic solutes, and the solid phase with 10-30%
collagen, ~10% lipids, ~10% chondrocytes, 3-10% proteoglycans and minimal amounts of
glycoproteins makeup remaining composition of cartilage by wet weight (An et al., 1999),
(An et al., 2003). A typical cartilage thickness ranges from 0.89-1.47 mm and acts as a
lubricant, thereby reducing wear and friction between the articulating surfaces and
redistribute forces evenly. Cartilage behaves as a biphasic model, with porous solid phase
and incompressible viscous fluid.

The viscoelastic property of cartilage, along with

synovial fluid provides low friction between the articular surfaces that counterbalance the
forces acting on the joint by fluid-flow drag. Mechanical properties vary across different
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zones of articular cartilage due to different porous structure and composition that exist
across these zones (An et al., 1999), (An et al., 2003).
For ankle cartilage, a study by (Athanasiou, 1995) determined an aggregate compressive
modulus of 0.71-1.51 MPa, the shear modulus of 0.33-1.29 MPa and Poisson’s ratio of
0.02-0.08 when tested on seven cadaver ankles at 196 sites. Tissues under higher loads are
generally stiffer than tissues in zones with lower weight bearing. This is the reason why
ankle cartilage is stiffer than hip and knee cartilage. Topographically tibial cartilage (1.19
MPa) is little stiffer than talar cartilage (1.06 MPa). The mean cartilage thickness of tibia
(1.21 mm) and talus (1.34 mm) is thicker than fibula (0.91 mm) (Millington et al., 2007).
The average thickness of talar cartilage in males was 1.35 mm and in females, it was 1.11
mm. A similar trend was observed, where males showed an average cartilage width of
30.81 mm and in females, it was 25.99 mm (Sugimoto, 2005). Cartilage on tibial bone
show no significant differences in thickness values between the zones whereas cartilage on
talar bone showed the difference in thickness between medial and lateral zones (Wan et al.,
2006).
In vivo cartilage deformation under body weight was determined by Wan (2008) to
understand the etiology of osteoarthritis. By using dual fluoroscopy and MRI techniques,
both thickness and contact strain distribution was measured in articular cartilage under
loaded and unloaded conditions for six patients. Nearly 42% of the contact area showed a
strain of over 15% under weight-bearing on a single leg, and a peak strain of 34.5% was
observed under full weight. Bischof (2010) compared the ankle strains between normal
patients and patients with lateral ankle instability. Under full weight-bearing, the peak
strain translated anteriorly by 15.5 mm and medially by 12.9 mm in patients with lateral
16

ankle instability compared with normal patients. These changes in strain translation under
load contribute to the development of tibiotalar cartilage degeneration. Fiber reinforced,
incompressible, hyperelastic constitutive model was developed by Venturato (2014) to
model the articular cartilage. A strain energy function was defined in terms of the ground
matrix and collagen fibers.
σ = J −1 FSF T

eq. 2.5

Where,
J- Determinant of the gradient, F – Deformation gradient and S – Strain tensor
Ahsanizadeh (2015) followed the same principle to develop a visco-hyperelastic
constitutive model to predict strain-rate dependent responses during both loading and
relaxation phases. Material properties obtained from both the studies are provided in table
2.3.
Table 2.3 Visco and Hyperelastic parameters of articular cartilage

Venturato et al., 2014
K v = 9.09 MPa, μ = 0.02 MPa, k1 = 33.0 MPa and k 2 = 2.1
Where,
Kv – bulk modulus of ground matrix
μ – Initial shear stiffness
k1 – stress parameter and k2 – mechanical response of collagen fibers
Ahsanizadeh et al., (2015)
Elastic properties
Short-term viscous
Long-term viscous
(MPa)
properties
properties
(MPa.s)
b1 = 0.04
b4 = 190
τi = 141, 3.55. 14303.43 s
b2 = 0.05
wi = 0.346, 0.0709, 0.582 s-1
b3 = 1.42
(i= 1, 2, 3)
Where,
b1 - stiffness of the isotropic non-fibrillar matrix of cartilage
b2, b3 – stiffness parameters of collagen fibers
Steihl (1992) determined the torsional stiffness of 1.24 Nm/deg for the ankle during the
first 20o of rotation by externally rotating the foot/ankle joint complex until failure.
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Structure and Mechanical Properties of Ligaments
Ligaments are made of type I and type III collagen fibrils. Type I collagen fibrils are of
greater diameter, approximately 150 nm and they are tightly packed (Tandoğan et al.,
2011). These fibrils are dispersed in an aqueous gel that contains proteoglycan and other
elastic fibers. Collagen fibers in the ligament form a network through inter and intra
crosslinking. The mechanical properties of the ligaments change by age and mobility level.
The linear stiffness and elastic modulus are high in case of older and diseased ligaments,
whereas there is a decrease in ultimate load and strain values (Nyska et al., 2002).
The load-deformation curve for ligaments can be divided into three zones as shown in
figure 2.3. In zone I (toe region), the ligament undergoes 3-4% change in the initial length,
and the resultant strain is under normal physiological range. Uncrimping takes place in this
zone, where the fibrils are arranged in the direction of applied stress (Nyska et al., 2002),
(Clenard, 2014). All the changes that happen to the microstructure of the ligament in this
zone are reversible. Zone 2 of the curve (also known as a linear zone) shows linear
elongation due to stretching of the collagen fibrils. From zone I to zone II, there is an
increase in the ligament stiffness properties. With the increase in load, the cross-links
between the collagen fibrils will break and finally resulting in grade I (0-50%), and grade
II (50-80%) ligament tears. In zone 3, complete ligament tear occurs at the ultimate loading
point (Nyska et al., 2002), (Clenard, 2014).
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Figure 2.3 Typical stress-strain curve of a ligament (Clenard, 2014).

Role of ligaments in providing joint stability was studied by (Watanabe, 2012) under
passive and active (body weight) loading conditions. Under unloaded conditions, both
lateral and medial ligaments contributed 50-80% to rotational stability but did not act as
primary restraints for medial-lateral stability. For anterior stability of the joint, lateral
ligament complex contribute about 70-80% support, whereas medial ligament complex
provides 50-80%. The role of articular geometry in providing the stability was less
significant under passive loads when compared with ligament complexes. Under loading
conditions, the articular surface plays a significant role by contributing 100% to
translational and 60% to the rotational stability of the joint. Siegler (1988) determined
mechanical properties of ankle ligaments by conducting tensile tests on 120 ligaments
obtained from 20 cadaver limbs. During these tests, the ligament was subjected to 22 N
tensile force and to determine the cross-sectional area of the ligament, a lateral blade
pressure of 0.345 N was applied. The obtained tension-elongation results showed a nonlinear structural behavior for the bone-ligament-bone unit. Ligaments exhibited lower
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stiffness properties during the initial stage (toe-region of the curve) and with an increase in
straining, the stiffness properties tend to increase resulting in a linear region.
Morphological and mechanical properties of ligaments observed during this test are
provided in table 2.4. Studies by (Cheung et al., 2005), (Niu, 2013) considered an elastic
modulus of 260 MPa and Poisson’s ratio of 0.49 to model the foot ligaments. Based on the
load-displacement curve data of ankle ligaments, Fung (1994) derived a constitutive
equation for viscoelastic modeling of ligaments.
Table 2.4 Mechanical properties of ankle ligaments (Siegler et al., 1998)

Initial length (mm)
Cross-sectional area (mm2)
Ultimate stress (MPa)
Ultimate strain
Yield stress (MPa)
Yield strain
Elastic modulus (MPa)
Stiffness constant x105 (N/m)

Medial deltoid ligaments Lateral collateral Ligaments
TNL
TSL
PTTL
AFTL
FCL
PFTL
41.83
18.59
11.86
17.81
27.69
21.16
7.1
13.5
45.2
12.9
9.7
21.9
22.93
33.97
15.99
24.20
46.22
25.95
0.10
0.33
0.30
0.15
0.13
0.17
20.73
26.97
12.39
22.59
43.64
25.00
0.09
0.28
0.25
0.14
0.13
0.16
320.7
184.5
99.54
255.5
512.0
216.5
0.391
1.226
0.669
1.418
1.266
1.643

By modeling the ligaments with purely elastic and viscoelastic properties, (Corazza, 2003)
and (Corazza, 2005) have performed anterior drawer test under quasi-static loading
conditions to determine the relationship between the force response of the ankle joint and
the applied flexion angle. A minimal difference was observed between the two models in
predicting the response forces and the obtained stress-strain relationship for different
ligaments is shown in figure 2.4. Unlike previous studies, which used failure loads in
determining the ligament behavior, a study by (Butler, 2004) used normal physiological
loads. A significant difference in dimensions was observed for medial and lateral
ligaments. A uniaxial tension test was conducted to understand the behavior of ligaments
under lower loads. Both medial (TiCaL) and lateral (CaFiL and ATaFiL) ligaments showed
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similar stiffness properties and all the ligaments are in a relaxed state reflecting the
viscoelastic behavior of ligaments. This behavior changes with an increase in the load due
to changes in ligament tissue area fraction (LTA).

Figure 2.4 Load-displacement curves of ankle ligaments (Corazza et al., 2005), (Shin et al., 2012).

A study by Forestiero (2014) developed a fiber-reinforced visco-hyperelastic model to
interpret the mechanical behavior of ankle joint ligaments. Anisotropy, nonlinear elasticity
and time-dependent behavior of the ligaments were considered in the model formulation.
A preliminary set of parameters for each ligament was determined by using a cost function
developed by Natali (2010) based on analytical model results and experimental data
obtained from Funk (2000).
n

Ω(ωi ) =

1
√∑ [2 −
n

exp

Pjjmod (ωi , λj
exp

Pjj

j=1

)

2

exp

−

Pjj

exp

Pjjmod (ωi , λj

]

)

eq. 2.6

Where,
exp

n – Number of experimental data, λj

exp

– tissue stretch, Pjj
exp

Pjjmod- output results corresponding to ωi and λj
21

– experimental output value,

The obtained set of parameters were used to develop a numerical model that considers the
histo-morphometric configuration and boundary conditions used during the experimental
procedure. The ligament properties obtained based on a preliminary set of parameters are
provided in table 2.5. This study determined that the mechanical response of ligaments is
mainly associated with collagen fibers and confirmed that ankle sprain is primarily due to
damage to the ATFL and CFL ligaments.
Table 2.5 Visco and Hyperelastic parameters of ankle ligaments (Forestiero et al., 2014)

Viscous parameters
ATFL CFL
PTFL TCL
PTTL ATTL ATiFL
τm (s)
0.201
γm
0.787
τf (s)
0.146
γf
0.156
Hyperelastic parameters of ground matrix
Kυ
5.844
(MPa)
r
4.170
C1
0.161
α1
0.140
Hyperelastic parameters of ligament fibers Funk et al. (2000)
C4
0.177 0.193 0.098 0.073 0.361 0.663 0.740
α4
3.701 12.074 17.011 22.073 12.059 8.484 9.536
Hyperelastic parameters of ligament fibers Forestiero et al. (2012)
C4
0.266 0.093 0.133 0.093 0.917 0.266 1.462
α4
5.181 8.874 14.248 26.623 11.398 10.362 6.735

PTiFL

1.047
7.688
2.658
8.290

Ankle Joint Axis and Range of Motion
Several anatomical and biomechanical studies deduced that the ankle joint does not behave
as a pure hinge joint. The ankle joint is a modified uniaxial hinge joint with six degrees of
freedom, and joint motion occurs in sagittal (median), coronal (frontal) and transverse
(axial) planes as shown in figure 2.5.
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(a)

(b)

Figure 2.5 Ankle joint a) cardinal planes of motion and b) movements in different planes (Saad et al.,
2016).

Inman (1976) defined the ankle axis of motion as a single empirical axis that passes distally
to the tips of malleoli. In the frontal plane, the joint axis is inclined downward and lateral
to the plane, whereas in the axial plane, it is aligned posterolaterally. The empirical axis
in coronal plane is about 82.7o from the midline axis of the tibia, with a range of 74o to 94o
as shown in figure 2.6. In axial plane, the angle of empirical axis is about 20o-30o to the
axis of the knee. Mann (1993) defined the axis of motion in the axial plane, which is about
84o from the midline axis of the foot. Multiple axes of ankle joint motion were reported in
studies done by (Barnett et al., 1952) and (Hicks, 1953). These studies observed two
different axes during dorsiflexion and plantar flexion movements due to variation in lateral
and medial marginal profiles of talar trochlea. Dorsiflexion and plantar flexion motions
occur in the sagittal plane with coronal axis as a reference. During dorsiflexion, the angle
between the leg and dorsum of the foot decreases and increases during plantar flexion.
During DF motion, the joint axis is inclined downward and lateral to the plane whereas, in
PF motion, the axis changed towards the medial side. Later, many studies have reported
similar kinds of observations. Kofoed (1998) reported a slight change in axis orientation
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during DF and PF motion and Buchel (1998) observed the change in the instantaneous
center of rotation due to trapezoidal shape of talar trochlea.
Both cadaveric and gait studies were performed by (Stauffer, 1979) and reported an angle
of rotation about 10o-12o during flexion motion. The axis of the talocrural joint was
analyzed by (Lundberg, 1989) using roentgen stereo-photogrammetry and observed that
the gliding and sliding motion of the talar bone within mortise is due to variation in the
center of rotation. Sammarco (1977) studied the sagittal plane motion between the tibia
and talus under plantar flexion and dorsiflexion by considering multiple instantaneous
centers of rotation. During this motion, the ankle was distracted initially, followed by
sliding movement during the mid-portion, and by the end of dorsiflexion, the ankle was
under compression.

Figure 2.6 Ankle joint axis of motion (Miller et al., 2014).

To maintain joint congruency during sagittal motion, the talar bone exhibits coupled axial
rotation. Due to oblique orientation of the axis of motion, the dorsiflexion and
plantarflexion motion in sagittal plane generate eversion and inversion motion of the leg in
the coronal plane (Inman, 1976), (Sammarco, 1977). During inversion, the plantar surface
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of the foot moves towards the midline whereas during eversion it moves away. The same
trend was observed when the foot is fixed on the floor, where dorsiflexion results in
external rotation and plantar flexion results in internal rotation of the leg in the axial plane.
Rotation in the transverse plane is also termed as adduction or abduction and during this
motion, foot rotates towards or away from central axis of the body respectively (Mann et
al., 2014), (Miller et al., 2014).
The talocrural joint is complex hinge joint where the axis of rotation shifts from anterior to
posterior side during plantarflexion movement (Michael et al., 2008). Motion in sagittal
plane shows an angle of 23o-56o during plantarflexion (PF) movement, 13o-33o during
dorsiflexion (DF) movement, and averages to 70o for the entire ankle joint motion (Miller
et al., 2014), (Dreeben, 2007). However, during the stance phase of walking cycle, this
range of motion (ROM) is limited to 10o-15o in PF and 10o in DF. The range of motion
significantly increases from 14o (normally seen during the stance phase of the gait cycle)
to 37o while ascending the stairs and a further increase in ROM can be seen during
descending stairs, which constitute about 56o (Miller et al., 2014), (Dreeben, 2007).
Patients suffering from ankle disorders, especially arthritis show decreased dorsiflexion
motion, and a decrease in plantar flexion motion can be seen in elderly people. Under load
bearing conditions, there is a significant increase in dorsiflexion motion when compared
with range of motion observed under passive loading conditions (Mann et al., 2014),
(Miller et al., 2014), (Dreeben, 2007).
Several studies defined sub-talar joint axis as an oblique oriented upward anteriorly by 42o
from the axial plane, and medially by 16o from the sagittal plane as shown in figure 2.7
(Caputo et al., 2009). The combination of subtalar and mid-tarsal joints acts as a primary
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source for inversion and eversion movements of the ankle joint. These motions occur in
the coronal plane and commonly called as varus and valgus rotation. However, these terms
are also used to refer fixed deformities of ankle/foot.

Figure 2.7 Subtalar joint axis of motion (Levangie et al., 2011).

Ankle rotation in the transverse plane is usually associated with sagittal plane motion, and
excessive joint rotation can be seen in individuals with instability. Lundberg (1989)
determined an external rotation of 8.9o during ankle joint motion from the neutral position
to 30o of dorsiflexion. Close (1956) observed internal rotation at the ankle joint with a
range of 5o-6o during plantar flexion motion. The average range of motion many clinicians
consider for inversion ranges from 25o-30o, and for eversion, it ranges from 5o-10o.
However, during the stance phase of the gait cycle, a significant reduction in these values
is observed, where eversion ranges from 5o-10o and 5o in case of inversion.
Pronation and supination are coupled motions of the foot, which involve movements that
belong to three cardinal planes as shown in figure 2.8. Under non-weight bearing
conditions, the coupled motion of dorsiflexion, eversion, and abduction results in
pronation, and supination occurs due to the coupled motion of plantar flexion, inversion,
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and adduction (van Dijk et al., 2014). Pronation of foot has a range of motion about 15o30o, whereas supination has a greater range of 45o-60o (Levangie et al., 2011), (Mann et
al., 2014), (Miller et al., 2014), (Dreeben, 2007).

Figure 2.8 Ankle joint movements in three cardinal planes of motion (The Teachmeseries, 2017), (Ascent
Physical Therapy, 2014), (Cascade DaFo, 2017), (Thrive Health, 2013).

Boone (1979) compared the range of motion between different age groups of a male
population (ranging from 18 months to 54 years old) and observed a significant difference
in plantar flexion motion between the age groups. Roaas (1982) studied the range of motion
in 96 male subjects aged between 30-40 years and observed no significant difference
between the motions of the right side and left side ankle. Ostrosky (1994) involved both
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males and females and categorized them into two different age groups (Group 1: 15 male
and 15 female between 20-40 years, and Group 2: 15 male and 15 female between 60-80
years). When compared with younger people, older people showed increased DF and
decreased PF motion. With the increase in age, there is a decrease in stride length.
However, no significant difference in stride time was observed. Kerrigan (1998) compared
joint mechanics between males and females by collecting kinematics and kinetics data of
99 subjects (50 males and 49 females, aged 20-40). No significant difference was observed
between the two gender groups for different ankle motions, but ankle plantar flexion
showed significant difference where females showed 22.2o compared with 19.3o in males.
The range of motion values obtained from different studies are provided in table 2.6.
The rotation motion of the ankle joint in the transverse plane is coupled with flexion motion
in the sagittal plane which accounts for 7.2o±3.8o in case of external rotation and 1.9o±4.12o
in case of internal rotation (Hintermann, 2005). Sheehan (2010) deduced subtalar and
talocrural joint kinematics in terms of Instantaneous Helical Axis (IHA) by quantifying
musculoskeletal velocities during a dynamic movement that requires active muscle control.
Total rotation values of 31.7°±11.3° and 15.1°±9.7° were observed for the talocrural and
subtalar joints, respectively (Sheehan, 2010).
Table 2.6 Ankle joint range of motion in different cardinal planes

Joint
Talocrural
Subtalar
Midtarsal
Combined

Movement
Dorsiflexion
Plantar flexion
Eversion
Inversion
Adduction
Abduction
Pronation
Supination
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ROM
25o
50o
o
5 -10o (gait)
5o (gait)
20o
10o
15o-30o
45o-60o

Boone et al., 1979
Movement

Age group
<19 years
>19 years
o
58
54o
o
13
12o
38o
36o
22o
19o

Plantar flexion
Dorsi flexion
Inversion
Eversion
Roaas et al., 1982
Movement

Ankle
Right
39.7o
15.3o
27.7o
27.6o

Plantar flexion
Dorsiflexion
Inversion
Eversion
Ostrosky et al., 1994
Movement

Left
39.6o
15.3o
27.8o
27.9o

Age group
Younger
Older
28o
24o
12o
14o

Plantar flexion
Dorsi flexion
Kerrigan et al., 1998
Movement
Plantar flexion (Loading response)
Dorsi flexion (Mid stance)
Plantar flexion
Dorsiflexion (Swing)

Gender
Females
Males
o
7.8
7.8o
o
7.8
7.4o
22.2o
19.3o
1.3o
0.9o

Loading and Kinematic Profiles
The contraction of posterior and lateral group muscles of the foot plays a major role in
propulsion during walking and running. Human gait involves rhythmic motion of all body
segments in a cyclic manner. Gait cycle is the time interval between the two consecutive
events of walking or time interval between the two consecutive heel strikes. The walking
cycle includes two phases; a) stance phase and b) swing phase as shown in figure 2.9.
During the stance phase, the foot is in contact with the ground and constitutes about 62%
of the gait cycle. This phase begins with foot strike and ends with toe-off. Swing phase
constitutes about 38% of the gait cycle, and during this phase, the foot is in the air.
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Figure 2.9 Gait cycle showing stance and swing phase (Magee, 2014).

Stride length is defined as the distance between two consecutive heel strikes of the same
foot. Murray (1967) reported an average mean stride length of 156.5 cm by considering 60
normal subjects for gait analysis. Step length is defined as the distance between successive
floor contacts of alternate feet as shown in the figure 2.10. An average step length of
approximately 78 cm was found with a mean cycle duration of 1.02 seconds for a step rate
of 112 steps per minute.
Cadence (step rate) is defined as a number of footsteps taken by a person in a minute.
Cadence below 100 steps is considered as slow gait whereas cadence above 120 steps is
considered as fast gait. Under normal conditions, the walking velocity is the length of the
stride, since the duration it takes is usually one second. With the increase in walking
velocity, there is a decrease in the cycle time. Mann (1980) observed that with the increase
in cadence there is an increase in the stride length for subjects when involved in different
level of activities.
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Figure 2.10 Kinematic parameters of the gait cycle (Magee, 2014).

The stance phase of the gait cycle is further divided into five stages; a) heel strike, b) foot
flat, c) mid-stance, d) heel rise and e) toe-off. The first interval of the stance phase
constitutes first 15% of the walking cycle and it extends from initial heel strike to laying
foot flat on the floor as shown in the figure 2.11 (Michael et al., 2008). During this interval,
the ankle joint undergoes rapid plantar flexion motion and the foot absorbs and dissipates
the ground reaction forces generated due to foot striking the floor (Michael et al., 2008),
(Magee, 2014). The ground reaction forces acting on the joint will exceed by 15-25% of
the body weight. The contact area under load is about 11 to 13 cm2, which is just one-third
that of knee/hip and the load distribution on the talus completely depends on the position
of the ankle and the condition of ligaments (Michael et al., 2008), (Miller et al., 2014). The
subtalar joint translate eversion generated by calcaneus into internal rotation, which is then
transferred proximally through the ankle joint into lower extremity.
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Figure 2.11 First interval of the stance phase of the gait cycle (Miller et al., 2014).

Second interval (mid-stance) extends from 15-40% of the walking cycle. During this
interval, the foot transforms into a rigid body and it is capable of full load bearing. The
joint shows progressive dorsiflexion during this interval and peak motion occur at the end
of this interval as shown in the figure 2.12, which causes ankle joint to experience the
maximum load during the gait that constitutes about 4.5 times the body weight. 77 to 90%
of load is transferred to talar dome during load-bearing conditions and highest talar contact
area was reported during dorsiflexion movement (Michael et al., 2008), (Miller et al.,
2014).
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Figure 2.12 Second interval of the stance phase of the gait cycle (Miller et al., 2014).

The centroid of the contact area moves from posterior to anterior during the PF and DF
movements of the ankle joint. The torque generated due to external rotation during this
interval is translated into inversion by the subtalar joint. The resulting motion helps in
improving the stability of the foot by transferring the generated inversion into midfoot, and
load acting on the joint significantly reduced to 70-80% of the body weight as shown in
figure 2.13. During the second interval, a majority of muscular action can be seen in both
the foot and leg. The last interval of the stance phase occurs during 40-62% of the walking
cycle and it extends from heel rise from the floor to complete toe-off (Miller et al., 2014).
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Figure 2.13 Third interval of the stance phase of the gait cycle (Miller et al., 2014).

During this interval, rapid plantar flexion motion takes place and the subtalar joint
undergoes maximum inversion at peak toe-off position. External rotation generated in the
second interval can be observed in this phase as well, and the load acting on the joint can
exceed the body weight by 20%. Various phases of stance phase show altering limb
support, where double limb support can be seen from 0-12% of the gait cycle, followed by
single limb support from 12-50% (Yu, 2009). During 50-62 % of the gait cycle, the second
phase of double limb support can be seen which is then followed by swing phase (Miller
et al., 2014).
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At the beginning of swing phase, the anterior compartment muscles contract to generate
dorsiflexion motion at the ankle joint. During swing phase, the hind foot undergoes slight
inversion due to tendon pulling, resulting in inversion of calcaneus at the beginning of
stance phase of the walking cycle. Swing phase of gait cycle is further divided into a) initial
swing (acceleration), b) mid-swing and c) terminal swing (deceleration). The acceleration
interval of swing phase occurs during 62-75% of the walking cycle. It starts with toe-off
and ends with foot swinging position (Magee, 2014), (Miller et al., 2014). During this
interval, the ankle joint movements start to change from plantar flexion to dorsiflexion
motion and hip flexor muscles help to move the lower extremity forward through
acceleration. Mid-swing phase occurs during 75-85% of the gait cycle. During this phase,
the ankle joint dorsiflexes to achieve foot clearance. The lower extremity movement
continues during this phase due to hip flexion. The final interval (deceleration) of swing
phase occurs during 85-100% of the walking cycle, where it begins with vertical alignment
of the tibia and ends with initial heel strike position, which occurs during initiation of stance
phase. During the terminal swing, the hip joint reaches maximum flexion position at the
beginning, whereas the ankle joint remains in dorsiflexion position throughout the interval.
Joint kinetics can be determined through inverse dynamics by utilizing data from gait
analysis. External joint kinetics involves ground reaction forces, inertia and gravity and
internal kinetics involve forces from muscles, ligaments and bony structures (Magee,
2014), (Miller et al., 2014). By determining angular velocity, joint power can be derived.
Net joint moments acting on the ankle joint are shown in figure 2.14. During gait cycle,
external moments produced by ground reaction forces are balanced by the internal
moments produced by muscles and ligaments. During the stance phase of the gait cycle,
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the extensor muscles of the leg balance the ground reaction forces (Robertson et al., 2013),
(Miller et al., 2014).

Figure 2.14 Net ankle joint moments during flexion, rotation and version motion (Robertson et al., 2013).

Ankle Joint Disorders and Treatment options
Ankle injuries are the most common ligamentous injuries, and about 27,000 patient cases
are reported every day in the United States. Lateral ankle sprains account for 30% of sports
injuries and are very common in athletes. In majority cases, lateral ankle sprains are due to
a torn talofibular ligament or calcaneofibular ligament. Ankle sprain usually occurs when
there is rapid movement or twisting of the foot as shown in figure 2.15. To constrain the
excessive motion, ligaments stretch beyond their strength, finally resulting in a tear. Nearly
21% of these injuries are caused due to inversion of the foot. In most cases, the ankle
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sprains heal well, but in some cases (about 15-20%), the patients show persistent pain and
instability. Rearfoot plays a major role in transferring the ground reaction forces to the rest
of the body, resulting in higher exposure to injury and pathology (Sheehan, 2010).

Figure 2.15 Ankle injury due to inversion of the foot (Ankle Roll Guard, 2016).

Ankle sprains are more prevalent in males (50.3%) when compared with females (49.7%)
and the rate of occurrence is nine times more in younger generation when compared with
older population. When compared with lateral ankle sprains, the syndesmotic sprains take
longer recovery time and more likely require surgery. Type of tear depends on foot
movements involved in the injury mechanism. Excessive foot supination and inversion
cause lateral ligament sprain as shown in figure 2.16. Deltoid ligament sprains are due to
excessive foot eversion and other movements that involve dorsiflexion and abduction cause
syndesmotic injury. Ankle ligament injuries are categorized into three types depending on
injury severity (Haddad, 2016):
Grade I – with small tear, no laxity, and mild edema
Grade II – with partial tear and mild laxity, pain, foot swelling, and instability
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Grade III – complete tear with swollen foot, significant laxity, pain and instability

Figure 2.16 Different grades of ankle sprain (Manhattan Pain and Sports Associates, 2016).

Unlike ankle sprain, which involves injury to the ligamentous structures, ankle fracture
causes a partial or complete break in the bone. In general, ankle fractures are of two types
a) stable and b) unstable fractures (Bugler et al., 2011). Stable fractures do not displace
whereas unstable fractures displace under normal physiological loads. Based on deforming
forces and foot position during injury, Lauge-Hansen classified ankle fractures into
following types (Bugler et al., 2011):
1) Supination-external rotation – forces during this event result in failure of anteriorinferior talofibular ligament occurs at first, then a spiral fracture at mortise part of the
fibula bone, followed by tearing of the posterior-inferior talofibular ligament, and
finally tearing of a deltoid ligament or fracture at medial malleolus of fibula occurs.
2) Supination –adduction – the forces cause avulsion fractures at lateral malleolus and
vertical shear fractures at medial malleolus.
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3) Pronation-abduction – forces during this event usually result in syndesmotic fractures.
The fracture starts at medial malleolus and then tearing of deltoid ligament occurs,
followed by failure of tibiofibular ligament and finally results in transverse fracture of
fibula bone at the mortise.
4) Pronation-external rotation – the forces acting usually cause syndesmotic injuries.
Transverse fractures occur at medial malleolus or rupturing of deep deltoid ligament
takes place initially, followed by fracture of the anterior-inferior talofibular ligament,
and a spiral fracture at tibial mortise, and finally resulting in the inferior talofibular
ligament or a fracture at the posterior malleolus.
Based on Weber classification, lateral malleolus fractures are classified into three types
(Bugler et al., 2011):
Type A – Fractures at the distal end of tibial plafond
Type B – Fractures at level of plafond
Type C – Fractures at proximal part of tibial plafond
The incidence of osteochondral injury due to acute ankle fracture is very high (about 75%)
when compared with incidence due to sprains, which is about 6.5 - 50%. Arthroscopyassisted reduction or internal fixation is required to fix both displaced intraarticular
fractures and extra-articular fractures that cause significant intra-articular pathology.
Intraarticular fractures include medial and posterior malleolar, tillaux, triplane and mildly
fragmented tibial plafond fractures. Bi-malleolar and tri-malleolar fractures are usually
associated with high impact injuries that occur on the lateral side of the tibial plafond as
shown in figure 2.17. Fractures occurring at the distal tibiofibular syndesmosis were
reported to cause intraarticular pathology. If left untreated, Wagstaffe’s fracture (which
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occurs vertically to the anterior border of the distal fibula) and chondral fractures (that
occur on the lateral talus) could result in posttraumatic impingement lesion. Fractures
resulting from supination-external rotation, pronation-abduction, and pronation-external
rotation also cause intraarticular pathology (Gould, 2013).

Figure 2.17 Bi-malleolar ankle fracture with tibiotalar dislocation (Gould, 2013).

For proper alignment and functioning of the ankle joint several factors are involved. These
include the thin soft tissue layer surrounding the bones of the joint that undergo scaring
and become inelastic when exposed to trauma and some surgical repairs. Delay in treatment
causes significant loss of ankle joint motion (Hintermann, 2005). In some cases, the longterm joint in-congruency, destruction of articular surfaces and talar dislocation out of tibial
mortise could change ankle joint mechanics resulting in destabilization of ankle joint
complex (Hintermann, 2005). In recent years, ankle and hind-foot arthritis have gained
importance both in epidemiological and social preventive perspective. Ankle arthritis
includes primary arthritis and secondary arthritis. Primary arthritis is characterized by the
loss of cartilage layer and hypertrophy of the bone (Hintermann, 2005). No significant
mechanism of damage causing primary arthritis has been defined but mechanical stress and
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injuries at sub-chondral level could result in primary arthritis. This type of arthritis can be
identified using radiographs by the presence of joint space narrowing (due to cartilage
loss), cysts and sclerosis in sub-chondral bone as shown in figure 2.18.

Figure 2.18 Primary osteoarthritis in a forty-nine-year-old male patient (Hintermann, 2005).

Secondary arthritis includes post-traumatic osteoarthritis and systemic arthritis. Posttraumatic arthritis occurs due to a) after an intra-articular fracture near the weight-bearing
joint, b) severe ligament lesions resulting from chronic ankle instability, and c) dislocation
during injuries as shown in the figure 2.19 (Hintermann, 2005). Pain from injuries and periarticular bone formation cause significant loss of ankle joint motion (Kapoor et al., 2015).
Additionally, joint in-congruency, mal-alignment, and dislocation can be seen in case of
post-traumatic arthritis compared to primary arthritis. Post-traumatic arthritis constitutes
about 80% of the arthritis cases and commonly seen in the younger population
(Hintermann, 2005).
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Figure 2.19 Post-traumatic osteoarthritis in forty-three-year-old female patient after treating ankle fracture
(Hintermann, 2005)

Systemic arthritis (a.k.a inflammatory arthritis) includes rheumatoid arthritis, connectivetissue disorders, and synovial inflammation. Systemic arthritis is characterized
radiographically by uniform narrowing of joint space between the bones and presence of
partial dislocation (Kapoor et al., 2015). In case of rheumatoid arthritis, a hyperplastic
synovial layer is formed due to an autoimmune disorder that destroys the surrounding
articular cartilage and subchondral bone as shown in the figure 2.20 (Kapoor et al., 2015).

Figure 2.20 Rheumatoid arthritis showing cartilage erosion (Noss et al., 2011).

Although gait analysis is used to determine the translation of the body from one point to
the other, primary determinants of the gait can be used to understand the pathological gait
and to analyze the disorders (Saunders et al., 1953). Since pain and loss of motion were
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associated with joint disorders, several researchers conducted kinematic analysis to
understand the effect of joint disorders on gait. Khazzam (2006) evaluated the kinematic
changes in patients with ankle arthrosis during the normal walking cycle. Dynamic foot
and ankle motion were analyzed in sagittal, coronal, and transverse planes for 34 patients
by using Milwaukee Foot Model. When compared with the normals, the arthrosis group
showed a significant decrease in range of motion by 33.04%. Decrease in stride length with
lengthy stance time, reduced cadence and walking speed were observed. Khazzam (2007)
reported similar kind of observations in rheumatoid arthritis patients, where a 20% decrease
in range of motion was observed when compared with normal subjects. Detailed gait
analysis was performed by Weiss (2008) by comparing 50 rheumatoid arthritis patients
with 37 normal subjects. A decrease in ankle plantar flexion and joint moment by 10o and
0.44 Nm/kg was observed in arthritis patients.

Ankle Arthrodesis
For more than 100 years, Arthrodesis has been used to treat a variety of neuromuscular and
degenerative hind foot disorders (Hintermann, 2005), (van Dijk et al., 2014). Due to better
stability when compared with orthoses, for several years, surgical arthrodesis of the foot
was performed to treat patients with flaccid paralysis (Hintermann, 2005). This allows the
foot to be controlled more proximally with less affected musculature. Previously internal
fixation methods are employed by using boiled cadaver allograft struts, ivory, fibular
autograft. These techniques require extended periods of immobility and limited weightbearing to minimize non-union (Hintermann, 2005). With the improvement in surgical
techniques and increase in success rate, arthrodesis has extended to treat post-traumatic
osteoarthritis, osteonecrosis, diabetic neuropathy and cerebral palsy. Other than neuro43

muscular disorder patients, reassessment of joint alignment is necessary for patients
undergoing arthrodesis. Ankle arthrodesis (commonly known as ankle fusion) is usually
employed to relieve pain in patients suffering from ankle arthritis. The goal of ankle
arthrodesis is to fuse the bones into a single bone as shown in the figure 2.21.

Figure 2.21 Ankle arthrodesis (fusion) showing screws to fuse tibial and talar bone into a single bone
(Gougoulias et al., 2007).

Charnley (1951) first introduced external compression fixator to achieve fusion. By using
compression screw fixation, Pfahler (1996) improved functionality by significantly
reducing fusion time. Many studies highlighted that external fixator introduced by
Charnley was superior in case of tibial rotation, whereas screw fixation showed better
results during dorsiflexion/plantar flexion. Since then the improvement in the rate of
osseous union was achieved by applying internal fixation principles. Different devices like
blade plate and tibio-calcaneal intramedullary nails were designed as internal fixators.
During ankle arthrodesis, a small incision is made on the outside of the ankle or at the front
of the ankle/heel pad. Sometimes bone graft taken from the pelvis, heel bone or below the
knee is used to achieve fusion (Hintermann, 2005), (Gougoulias et al., 2007). During
surgery, small incisions are made to allow guided wire/camera and other tools to be placed
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into the joint. This is known as Arthroscopic surgery. Joint fusion is achieved through
various methods like nails, Steinmann pins, screw plates and internal/external fixators as
shown in the figure 2.22. To check the alignment of the joint and the implant used, Xrays/Fluoroscopy are used during the surgery. These techniques help in further reducing
the morbidity and healing time. Incisions made during the surgery are closed by using
sutures or staples. This procedure eliminates joint motion thereby reducing pain
(Hintermann, 2005). Several ankle arthrodesis techniques have been developed from past
several years, including external fixation, internal fixation, screw fixation, plate fixation,
nail fixation, open technique, semi-open technique, and arthroscopic technique
(Hintermann, 2005). Based on the applied technique, the results vary from positive midterm results to negative long-term results due to non-union, arthritis in adjacent joints, and
disability.

(a)

(b)

(c)

Figure 2.22 Ankle fusion devices a) locking plate, b) Intramedullary nail and c) External fixator (Wright
Medical Technology, 2014), (Wright Medical Technology, 2017), (Smith & Nephew Orthopedics, 2013).

By using tibiotalar fusion ankle arthritis is treated effectively. During ankle arthrodesis, the
joint is fused in neutral flexion position, with slight valgus and external rotation. This
results in very minimal alteration for the subtalar and talonavicular joint when compared
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with controls. Many studies have highlighted the loss of dorsiflexion motion after tibiotalar
fusion. Since the ROM is decreased at the tibiotalar level it results in increased articular
stress forces. The stress forces developed damage the neighboring structures, which move
during normal gait causing joint degeneration thereby resulting in secondary arthritis as
shown in the figure 2.23 (Hintermann, 2005).

Figure 2.23 Adjacent hind-foot joints showing degeneration after ankle arthrodesis (Hintermann, 2005)

These changes in the joint structures further change the gait pattern by producing an
abnormal range of motion and movement transfer. Sometimes triple arthrodesis is
performed involving subtalar, talonavicular, and calcaneocuboid joints. This procedure
significantly reduces motion in coronal plane by 60 % due to subtalar fusion and we can
also see a reduction in motion in the sagittal plane even though tibiotalar joint is not fused.
Changes in gait for patients with tibiotalar fusion:
-

Decreased knee flexion in sagittal plane before heel strike

-

Take less time for single limb stance

-

Reduced ground reaction force and increased external rotation
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In few cases isolated ankle fusions are performed before internal fixation procedure. Early
1950’s, procedures involving medial and lateral incisions, malleolar osteotomy, and
cortico-cancellous peg across the tibiotalar joint were used for anterior arthrodesis and
reported positive outcomes (Hintermann, 2005). Later transfibular arthrodesis was
employed by performing osteotomy on distal fibula and strut graft was used for attachment.
A study by (Charnley et al., 1951) used distraction/compression to perform pantalar
arthrodesis. Several complications were reported including infection, necrosis, fractures,
and loss of movement. The Charnley external compression fixator was used by Morrey
(1980) to treat post-traumatic osteoarthrosis by making lateral and transverse incisions.
This resulted in high rates of non-union, infections and nearly half of the radiographically
evaluated patients shown osteoarthritis progression to the neighboring joints.
To increase the rate of primary fusion procedures, several internal fixation techniques have
been employed since 1980’s. To maximize the bone contact, symmetrical chevron cuts
were made to the tibial and talar articulation surfaces to obtain three flat surfaces in two
planes. This procedure reported 77% success rate with very few complications. A study by
Monroe (1999) used transfibular approach with percutaneous screws to achieve fusion in
93% cases and reported osseous union in nine weeks. Arthroscopically assisted techniques
reduced the complication rate and studies reported by (Glick et al., 1996) and (Zvijac et
al., 2002) showed successful union in nearly 95% patients. This resulted in many authors
concluding that arthroscopic ankle fusion is favorable to open techniques when selection
criteria are taken into consideration.
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Total Ankle Replacement
The first generation of total ankle replacement devices were developed during early 1970’s.
First attempt to replace the ankle was made by Lord and Marotte in 1970, where an inverted
hip stem and cemented acetabular cup was used. Talus bone was replaced completely
during the replacement surgery. Most of the first-generation devices were two-part systems
that consist of a convex shaped metal part, and a concave shaped articular component made
of polyethylene (Gougoulias et al., 2007), (Vickerstaff et al., 2007). All devices with an
exception of Smith TAR device, the polyethylene component was inserted into the tibia
and metal component was inserted into talus bone. First generation devices were divided
into two categories: constrained type and unconstrained type, and all devices used cement
for fixation as shown in the figure 2.24 (Vickerstaff et al., 2007). From 1972-1981, BoltonMaggs performed 62 arthroplasties by using ICLH (Imperial College of London Hospital)
TAR device. Only 13 cases showed satisfactory results but major complications were
reported in other patients including talar collapse, loosening of the components, and wound
healing problems.

(a)

(b)

Figure 2.24 First generation TARs a) unconstrained (Smith) and b) constrained (Mayo) types (Vickerstaff
et al., 2007).

In 1976, New Jersey Cylindrical Replacement (NJCR) device was used to treat patients.
Poor clinical results were obtained due to its lack of axial rotation and ability to constrain
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(Gougoulias et al., 2007). However, some of the design features it incorporated have
become a standard for current generation devices. This device failed due to incongruent
surface that resulted in high contact stresses generating excessive wear. Based on these
outcomes, many authors noted the importance of congruent designs for improving the
stability and resistance to wear (Gougoulias et al., 2007), (Vickerstaff et al., 2007). Some
of the early devices showed congruency in their designs but they completely relied on
ligaments for joint motion and stability, resulting in failure. Four configurations: spherical,
spheroidal, conical and cylindrical were considered for achieving congruency as shown in
the figure 2.25. When compared with other designs, the spheroidal design allowed
inversion and eversion motion in addition to flexion motion, thereby replicating the ankle
joint motion very closely.

Figure 2.25 Congruent surface shapes for TAR devices (Vickerstaff et al., 2007).

Irvine ankle arthroplasty was an unconstrained type device, which incorporated talus
morphometry in its design. Unlike previous devices, this device allowed motion in sagittal,
coronal and axial planes. Due to its unconstrained design, excessive stresses were placed
on surrounding ligaments during axial rotation. From 1974-1988, 204 patients were
implanted with Mayo total ankle replacement device. It is a two-component system with
constrained design, and cement was used for fixation. Only 19% of the patients showed
satisfactory results, but major complications were reported. Based on the outcomes of this
device, many researchers recommended against the use of constrained devices in ankle
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replacement. Previous devices were followed by several two-component devices with
incongruent (Newton ankle implant, Richard Smith arthroplasty) surfaces were used in
replacement surgery, but these devices failed due to high polyethylene wear, loosening,
malalignment and avascular necrosis. Thompson-Richard prosthesis (TPR) was introduced
in 1976, which is a two-component device with the semi-constrained design. This device
had lips on each side of the tibial component to restrict excessive motion of the talar
component. Due to high shear forces at the implant-bone interface, the device failed
prematurely due to early loosening and many patients reported painful prosthesis
(Gougoulias et al., 2007), (Vickerstaff et al., 2007), (Roukis et al., 2016).
In 1974, Fredrick Buechel and Michael Pappas introduced New Jersey low contact stress
(LCS) device. This device consisted of cylindrical shape UHMWPE talar component and
tibial component is made of cobalt-chromium alloy. Due to its lack of axial rotation, this
device performed very poorly. This device was revised in 1981 by incorporating a mobile
bearing, thereby transforming the two-component device into a three-component device.
Several reasons including cement fixation, over or lack of constrain, loosening, pain and
wound healing problems were identified for failure of these devices. Due to the poor
performance of these devices, ankle arthrodesis (fusion) became a gold standard for
arthritis treatment (Gougoulias et al., 2007), (Vickerstaff et al., 2007), (Roukis et al., 2016).
To overcome the complications associated with the first-generation devices, many studies
focused on ankle anatomy, joint kinematics, ligament stability and joint alignment
(Michael et al., 2008). Based on outcomes of previous generation devices, secondgeneration devices adopted semi-constrained and cementless design. This allows the bone
to grow onto the implant surface (porous coating) thereby forming a solid bone-implant
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interface. Both ankle sliding and rotational motions were achieved in these devices. Second
generation devices were categorized as two component and three component types as
shown in figure 2.26. In two-component prosthesis, the liner component is fixed to the
tibial component thus making it a two-component device. However, it consists of three
components (tibial, talar and bearing) as shown in the figure 2.26. In case three-component
design the liner is not fixed to the tibial component, therefore it is free to move (mobile
bearing) between the components. In the US, FDA has a restriction on three-component
device usage. Both the device types function differently in absorbing the rotational forces
that are developed during ankle joint motion. Except for TNK, which has ceramic/metal
components, all other devices have UHMWPE/metal components (Gougoulias et al.,
2007), (Vickerstaff et al., 2007).

Figure 2.26 Differences between three-component and two-component prosthesis (Gougoulias et al., 2010).

Two-component devices include Agility, INBONE, Eclipse, SALTO Talaris, ESKA and
TNK as shown in the figure 2.27. Agility is widely used in the US when compared with
other two-component prostheses. It was first implanted in 1984, and the first device to
receive FDA approval. The Agility ankle is a semi-constrained device with titanium tibial
component and talar component made of cobalt-chromium. Modular bearing component
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made of UHMWPE, which locks into tibial component. On medial and lateral sides of the
talar component, there is a space to absorb rotational forces (Hintermann, 2005). The talar
component of the device is slightly wider on its anterior side to provide more stability
during dorsiflexion motion. A syndesmosis screw is used to fuse distal tibia-fibula to
achieve stability in the tibial component. INBONE is the only two-component device with
intramedullary alignment design and Eclipse total ankle replacement use cement for talar
insert fixation. Traditionally SALTO Talaris is a three-component device with mobile
bearing but in the US, it is marketed as a two-component device as fixed bearing design.
ESKA ankle prosthesis is a cementless two-component device with the congruent design.
Very limited information is known regarding its long-term outcomes. Dr. Takakura
developed initial design of TNK prosthesis in 1975, and it underwent several modifications
with various biomaterials to improve its performance (Takakura et al., 1990). Very poor
results were reported in long-term, especially in patients with rheumatoid arthritis
(Gougoulias et al., 2007), (Vickerstaff et al., 2007).

(a)

(b)

(c)

Figure 2.27 Two component TARs a) Agility, b) Inbone and c) SALTO (Foot and Ankle, 2016), (Front
Range Orthopedics and Spine, 2013), (Which Medical Device, 2017)

The number of three-component designs are more when compared with two-component
devices and these are widely used in Europe. In 1989, a modified Low Contact Stress (LCS)
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prosthesis was introduced as BP (Buechel-Pappas) prosthesis. This device has a flat tibial
component, and its bearing component is in congruency with the talar component, which
allows inversion and eversion motion in addition to unconstrained sliding and cylindrical
motion (Roukis et al., 2016). This device underwent several improvements regarding
design and biomaterials. The inventors reported satisfactory results in long-term, and
several independent surgeons closely reproduced these results. STAR (Scandinavian total
ankle replacement) is another three-component device, which is widely used in Europe and
several other countries. Kofoed first introduced this device in 1978, which consists of
metallic talar component, and a polyethylene tibial component (Roukis et al., 2016). Later
in 1986, polyethylene bearing was introduced between metallic tibial and talar components.
The talar component has a ridge that articulates with the grove in the bearing, which allows
flexion motion in the sagittal plane. The axial rotation is allowed at the tibia-bearing
interface, but no talar tilt motion is allowed. Other three-component devices that are
commonly used are SALTO, RAMSES, HINTEGRA, Mobility, and Zenith as shown in
the figure 2.28 (Gougoulias et al., 2007), (Vickerstaff et al., 2007).

(a)

(b)

(c)

Figure 2.28 Three component TARs a) STAR, b) Hintegra and c) Zenith (Small Bone Innovations, 2009),
(Small Bone Innovations, 2013), (Allegra Orthopedics, 2015), (Corin Academy, 2015)

In 2010, Wright State University patented seven total ankle replacement devices. Based on
design features, these devices were categorized as first generation (M- series) and second53

generation devices (N-series) as shown in the figure 2.29. All these devices are traditionally
three-component devices. Other than models M2 and M3, all other models are semiconstrained in design. M2 is a constrained design, which allows limited plantar flexion and
dorsiflexion motion compared with other models. Except for model M3, all other models
have condyles on medial and lateral sides of the talar component to constraint excessive
rotation. Both tibia and talar components are metallic (Ti-6Al-4V, Co-Cr alloy, and SS
316L) but bearing component is made of UHMWPE. Currently, these devices are
undergoing optimizations to reduce polyethylene wear. The geometric characteristics of
each device are provided in table 2.7.

Figure 2.29 First and second-generation WSU TARs (Patent US20110035019A1) (Goswami et al., 2010)
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Table 2.7 Geometrical characteristics of WSU TARs (Elliot, 2012)

Geometric Parameter
Force Application area
(mm2)
Liner articulating
surface area (mm2)
Condyle arc length
(mm)
Condyle radius of
curvature (mm)
Condyle angle of
curvature (degrees)

M1
812.9

M2
746.45

M3
N1
1058.06 961.29

N2
N3
1148.38 1141.93

N4
1032.26

690.32

503.22

625.8

703.22

703.22

703.22

703.22

23.73

20.54

23.3

23.33

23.33

23.33

23.33

27

22

27

27

27

27

27

60.85

49.62

0

60.91

60.91

60.91

60.91

Timeline of total ankle replacement devices from beginning to the current generation is
provided in table 2.8.
Table 2.8 Timeline of Total Ankle Replacement Devices (Vickerstaff et al., 2007), (Gougoulias et al.,
2010).

Time
Period

1970’s

1980’s

Year

Device Name

Type

1970
1972
1972
1973
1973
1974
1974
1974
1975
1975
1975
1976
1976
1976
1977
1977
1978
1979
1980
1980
1981
1983
1984
1984

Lord
Smith
ICLH - Freeman
St. Georg - Buchholz
Newton
Link HD
Schlein
CONAXIAL - Beck, Steffee
Lennox
Giannastras, Sammarco
Irvine - Waugh
TPR - Thomson
PCA - Scholz
Mayo 1 - Stauffer
OREGON - Groth, Fagan
Balgrist - Schreiber, Zollinger, Dexel
New Jersey LCS - Buechel, Pappas
Demottaz
Wang
TNK - Takakura
STAR 1 - Kofoed
Pipino/Calderale
AGILITY - Alvine
Bath-Wessex

Unconstrained
Unconstrained
Constrained
Semi-constrained
Unconstrained
Semi-constrained
Unconstrained
Constrained
Semi-constrained
Constrained
Unconstrained
Semi-constrained
Constrained
Constrained
Constrained
Constrained
Three components
Constrained
Constrained
Constrained
Semi-constrained
Constrained
Semi constrained
Unconstrained
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1990’s

2000’s

1989
1989
1989
1990
1990
1995
1996
1997
1997
1998
1998
1998
1999
2000
2002
2003
2003
2005
2006
2006
2007
2007
2008
2009
2010
2010
2013
2014

Mayo 2 - Keblish
Buechel Pappas
AGILITY 2 - Alvine
STAR 2 - Kofoed
ESKA - Rudigier
AKILE - Chauveaux
Sammarco
FOURNOL
ALBATROS
SALTO - Judet
Ramses - Mendolia
AES - Asencio
ALPHA-NORM - Tillmann
HINTEGRA - Hintermann
Mobility - Rippstein, Wood, Coetzee
BOX - Bramsted, O'Connor
CCI - Doets
INBONE - Riley
SALTO Talaris - Bonnin
TARIC - Schill, Rehart, Fink
Eclipse
German Ankle System - Richter
Zenith
STAR - Small Bone Innovations
INBONE II - Wright Medical
Wright State University (WSU) TAR
Trabecular Metal Total Ankle - Zimmer
INFINITY

Semi-constrained
Three components
Semi constrained
Three components
Three components
Three components
Three components
Three components
Three components
Three components
Three components
Three components
Three components
Three components
Three components
Three components
Three components
Two components
Two components
Unconstrained
Two components
Unconstrained
Three components
Three components
Two components
Three components
Three components
Two components

Arthrodesis vs. Total Ankle Replacement
Ankle arthrodesis and Total ankle replacement are the major surgery options that are
currently available to treat end-stage osteoarthritis. Each procedure has its own advantages
and disadvantages, and there is a huge ongoing debate in the orthopedic community about
these procedures to treat arthritis. A study by (Haddad, 2007) conducted a systemic review
of arthrodesis patients. Only one in ten patients showed non-union and others had
functional limitations during walking on uneven surfaces and in long-term many patients
showed adjacent joint arthritis. Several studies in the past have focused on change in gait
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parameters in patients treated with ankle arthrodesis (Wu et al., 2000), (Beyaert et al.,
2004). The obtained results from these studies have shown significant differences in ankle
joint motion between the study and control groups. Results from the literature on the effect
of gait in arthrodesis patients are summarized in table 2.9, showing the occurring reductions
with fusion in the study group in a range from 25-50%.
Table 2.9 Change in ankle joint angular ranges of motion between arthrodesis patients and control group
(Wu et al., 2000), (Takakura et al., 1999), (Weiss et al., 2007)

Study

Movement

Takakura et al., 1999

Dorsiflexion
Plantar flexion
Dorsi/Plantar Flexion
Inversion/Eversion
Internal/External Rotation
Dorsiflexion
Plantar Flexion

Wu et al., 2000
Weiss et al., 2007

Range of Motion(o)
Study Group Control Group
4.2
10.5
14.0
24.7
10.8±4.8
16.3±3.7
10.8±4.6
7.1±2.3
13.8±3.2
10.6±3.8
13.2±2.6
12.0±4.2
0.4±3.5
12.9±5.0

Early ankle replacement designs have shown very poor results when compared with
arthrodesis. However, with newer generation implants these results were significantly
improved. Saltzman (2009) conducted a comparison study between mobile bearing ankle
replacements and arthrodesis with a follow-up period of 24 months after surgery.
Treatment efficacy was higher in patients who underwent ankle replacement with STAR
device than arthrodesis due to improvement in functional scores. No difference was
observed between the groups for pain relief. Daniels (2014) used data from Canadian
orthopedic foot and ankle society (COFAS) prospective ankle reconstruction database to
compare between these two procedures. Unlike previous studies, multiple total ankle
replacement devices were considered for comparison. A total of 388 patients (281 - ankle
replacement group and 107 - arthrodesis group) were considered with a mean follow-up of
5.5 years. Only 7% of patients underwent revision surgery from arthrodesis group and in
case of ankle replacement, it is about 17%. No significant differences were found between
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the two procedures considering overall scores but rates of reoperation and major
complications were higher in case of total ankle replacement.
A major change in joint kinematics was observed between the two procedures after the
surgery. Many studies showed better joint kinematics in patients who underwent ankle
replacement surgery when compared with patients who were treated with arthrodesis. Very
few studies showed better joint kinematics in arthrodesis patients considering a small
number of gait parameters. A study by (Valderrabano, 2007) compared gait between
patients suffering from osteoarthritis and patients with ankle replacement surgery with a
follow-up period of 12 months. The time-distance gait parameters showed a significant
change in OA group, where a reduction of 9% in cadence, 16.2% for walking speed, and
6.7% for stride length was observed. For TAR group, the obtained gait parameters were
slightly better, where cadence reached 95.7%, walking speed 92.3% and stride length 97%
when compared with the normal group at 100% level. The Same trend was observed in
case of ground reaction forces, where TAR group showed better results than OA group.
Studies by the same author (Valderrabano, 2003a), (Valderrabano, 2003b) compared
kinematic changes after fusion and total ankle replacement. This study used six cadaver
feet for comparing the range of motion between fusion (using 7mm AO screws and
Steinmann screws) and total ankle replacement (implanted with Agility, STAR, and
Hintegra devices). Static loads were applied to generate PF/DF, Eversion-Inversion and
Internal-External rotation in the foot. In all cases, the ROM is less for fused ankles when
compared with normal ankles and ankles implanted with replacement devices. In few cases,
the ROM of replacement devices showed significant difference with the normal group and
these obtained values are provided in table 2.10.
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Table 2.10 Differences in kinematic parameters between normals, fusion group and TAR group
(Valderrabano et al., 2003)

Joint movement
Plantar flexion
Dorsi flexion
Eversion
Inversion
Internal rotation
External rotation

Normal
group
28.2
14.7
5
13.8
8.2
15.2

Fused
group
8.1
4.4
3.5
10.9
2.5
12.2

Replacement group
Agility
STAR
Hintegra
30
22.7
26.2
10
11.1
10.6
11.9
5.3
7.5
17.4
10.3
7.8
10
15.6
7.7
16.3
4.9
16.4

Singer (2013) conducted more detailed comparison study by performing gait analysis on
patients with isolated ankle arthritis after undergoing either arthrodesis or TAR surgery. A
total of 28 patients with 14 patients in each group (Arthrodesis and TAR) were considered
in this study for comparison. Greater sagittal plane motion was observed in patients with
arthroplasty than arthrodesis group, but plantar flexion motion observed in these groups
was not equivalent to motion observed in the normal group as shown in figure 2.30. No
significant differences were observed between the groups for ankle moments and power.
Both groups showed lesser moment values when compared with normal group.

Figure 2.30 Change in kinematic gait parameters between controls, fusion group and TAR group (Singer et
al., 2013)
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Demographics of TAR
National registries
Even with several improvements in prosthesis design, implantation procedures and
materials, the long-term survivorship of TAR devices is very low. The revision rate of
TARs is nearly thrice when compared with rate observed in case of hip and knee joint
replacement devices. The rate of failure is around 20% for 5 years and increasing to 40%
at 10 years as shown in the figure 2.31. It is very important to monitor safety, outcomes,
and survivorship of these devices that benefit the surgeon, patient, and industry.

Figure 2.31 Survival probability (%) of total ankle replacement devices (LaMothe et al., 2016).

Many researchers have conducted long-term follow-up studies on the performance of TAR
devices. In the US, both Agility and STAR devices are widely used to treat patients with
ankle arthritis when compared with other prostheses. Roukis (2012) have conducted a
systemic review with a mean follow-up period of 22.8 months by deriving data from 14
studies involving a total of 2312 ankles implanted with Agility device. Nearly 9.7% of the
patients underwent a revision to replace one of the implant components, 7.9% underwent
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arthrodesis and 1.5% received below knee amputation. Specific etiology was not reported
for 182 cases, where either one/both of the implant components is replaced. But most of
the revision cases, about 47.8% are due to factors including aseptic loosening,
malalignment, subsidence, and migration. Instability is the next major factor affecting
remaining 44% of the revision cases, and 8.2% of the revision cases are due to under-sizing
of the device components. This study reported that misalignment of the components
resulted in accelerated wear due to increase in torque. Several nuances were observed
involving parameters like patient selection, postoperative management, and device
components selection between the surgeons. The revision rate decreased in agility devices
without PMMA cement fixation and no significant relationship was observed between
surgeon’s learning curve and revision rate.
Nunley (2012) reported long-term outcomes of STAR device in 82 patients with a mean
follow-up period of 61 months. A single surgeon operated all the patients, and data related
to the patients who underwent the surgery between July 1998 and February 2008 was
collected. Majority of the patients who underwent primary surgery are females and most
of them showed posttraumatic arthritis. 11 revision cases are reported due to one of the
component failure in the STAR device and 14 patients underwent additional procedures
during the follow-up period. The survival rate obtained in this study showed very high
values, where a survival rate of 93.9% was reported for 61 months and it decreased to
88.5% for 107 months. The reported survival rate values are very high when compared
with values obtained in other studies for STAR device. Several studies identified induced
(inventor) bias in nearly 50% of the clinical studies, where failure and survival rates of
certain prosthesis are under or over reported. When evaluating the outcomes of these
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devices, joint registry data provides us unbiased information regarding the survivorship
and incidence of use (Roukis, 2013).
Several countries have adopted registries to assess the performance of medical devices and
they are called as national joint registries (NJR). Currently, very few countries Australia,
United Kingdom (UK), Finland, New Zealand, Norway, and Sweden are monitoring total
ankle replacement registries. In the US, it started in 1969 at the Mayo Clinic and currently,
there are several institutional registries including Kaiser Permanente and US Health East.
In 2011, American academy of orthopedic surgeons (AAOS) has completed a joint registry
by collecting data of hip and knee data from 51 institutions (Roukis et al., 2016). By the
end of 2014, only 388 hospitals started participating in the national registry program, which
is less than 10% of total 4200 hospitals performing total joint replacement surgeries. In the
US for five states (California, Florida, Nebraska, North Carolina and Utah), the data
collected between 2005-2009 showed a survival rate of 91.7% for three years and this rate
has decreased to 90.1% for 5 years. To perform survival analysis, both clinical and
biomechanical factors are taken into consideration. These factors include patient
demographics, previous operation details, diagnosis approach, bone graft, cement, surgeon
grade, operation details, prosthesis type and reasons for revision (Roukis, 2013). Each
factor has sub-categories, for example, the devices that are used in clinical applications are
classified based on design criteria as shown in the figure 2.32.
Bartel (2015) conducted survival analysis on Australian joint registry with 1127 primary
surgery cases. 72 revision cases were reported, and Kaplan-Meier method was used to
conduct survival analysis. Mobility and Hintegra were widely used and constitute about
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75% of the total prostheses implanted. A survival rate of 0.94 was observed for 2 years and
it decreased to 0.90 at 5 years.

Figure 2.32 Total ankle replacements classification based on number of components and constraint type
(Roukis et al., 2013)

Skytta (2010) studied a population of 645 cases from Finnish joint arthroplasty register
from (1982-2006). A majority of the TARs are due to Rheumatoid arthritis, which
constitutes about 252 cases. Survival analysis was performed using Kaplan-Meier and Cox
regression methods on STAR and Biomet AES devices. This study reported several clinical
and biomechanical factors affecting the survival rate, where aseptic loosening and
instability constitute about 39% each, for the failure of these devices. No significant
correlation was found between survival rate and diagnosis, but a higher number was
reported for technical errors. A mean annual incidence of 1.5 was observed for a population
of 105 patients which is very high when compared with rate observed in Swedish registry.
A study by (Hosman et al., 2007) has conducted survival analysis on TAR devices by
considering a population of 202 patients from New Zealand joint registry for years 20002005. Several clinical and biomechanical factors are taken into consideration including
patient age, sex, indications of joint disorder, surgeon experience, operative time and
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device type. Statistical analysis was performed to correlate the factors with patient scores
and failure rate for four TAR devices (Agility, Mobility, Ramses, and STAR). Both Agility
and STAR reported a failure rate of 8% and 7% for a mean follow-up period of 33 and 43
months, respectively. This study observed longer operative time in case of failed TAR
devices and determined several factors that cause failure including the preoperative
condition of the ankle, surgeon experience, the risk of infection due to longer duration and
steep learning curve for surgery.
S Fevang (2007) studied 257 ankle arthroplasty cases reported in Norwegian joint registry
from 1994-2005. Both cemented and cementless prostheses were considered, and a
majority of them used STAR prosthesis. Unlike previous studies, student t-test and analysis
of variance (ANOVA) were used to compare between the variables. No significant
difference in the survival rate was observed between cemented TPR (Thompson Parkridge
Richards) prosthesis and cementless STAR prosthesis. Patient demographics (age and sex)
does not play a significant role in effecting the life of these devices. The overall survival
rate of these devices decreased over time, where a survival rate of 89% was observed at 5
years and it decreased to 76% for 10 years. Henricson (2011) reported survival rate of
TARs considering 780 cases from the Swedish ankle register over a period of 10 years.
There is a significant drop in the overall survival rate of the devices, where a survival rate
of 81% was observed at 5 years and it decreased to 69% for 10 years. A higher risk of
revision was observed in women with osteoarthritis and above 60 years of age. Aseptic
loosening of either of the prosthesis components was the major cause for revision and other
factors including infections, instability and technical errors were also reported. Failure data

64

of various total ankle replacement devices obtained from different national joint registries
is provided in table 2.11.
Table 2.11 Failure rate of various TARs reported in different national joint registries

Device
AES
Agility
BOX
BP
CCI
Hintegra
Mobility
Ramses
TPR
Salto
STAR
Zenith

Australia
(2008-2016)
0
11
16
25
8
10
9
15
5

Finland
(1982-2006)
9
14
-

New Zealand
(2000-2016)
29
33
9
13
45
6
26
-

Norway
(1994-2005)
18
10
-

Sweden
(1993-2016)
49
33
28
23
16
51
-

UK
(2010-2016)
2
3
3
5
2
3

Failure Modes
First and second-generation total ankle replacement devices are cemented and constrained
which led to earlier failure and these have shown lower survival rate (Zhou et al., 2016).
The short-term and mid-term results of third generation devices have shown significant
improvement when compared with previous generation devices but still some
complications exist. In long term, these devices have shown very poor performance when
compared with other lower limb joint replacement devices. The short-term complications
include malleolar fractures and skin necrosis. Other factors, which involve infections,
instability, malalignment, and arthritis to surrounding joints, constitute about 41% of midterm complications. Patients with body mass index greater than 30 showed a higher chance
of failure due to complications. Glazebrook (2009) classified the complications associated
with these devices into three categories, 1) High-grade (which involve deep infection,
aseptic loosening, and implant failure), 2) Medium-grade (which involve a bone fracture,
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subsidence and technical error) and 3) Low-grade (which involve intraoperative bone
fractures and wound healing). R.J Gad classified the TAR complications into two
categories (either high or low risk) (Zhou et al., 2016).
Reasons for premature failure of TAR devices was obtained by collecting data from
different national registries and corresponding data is provided in table 2.12. When
compared with other factors, aseptic loosening plays a major role in effecting the life of
total ankle replacement devices and nearly 40% of the revision cases are due to loosening
of either one of the device components (Zhou et al., 2016). Higher relative motion at the
bone-implant interface, weak implant fixation due to lack of proper bony ingrowth and
polyethylene wear are the major factors causing aseptic loosening. In order to have
stability, osseointegration is required at the bone-implant interface, which is induced by
minimal relative motion between the implant and the bone (Zhou et al., 2016).
Table 2.12 Reasons for revision based on different national joint registries data

Reason
Loosening

Tibial
Talar
Dislocation
Instability
Malalignment
Infection
Fracture
Pain
Wear
Others

Australia
(2008-2016)
45
6
16
13
17
12
2
43

Norwegian
(1995-2015)
83
62
4
36
56
26
9
128
72
27

Swedish
(1993-2016)
144
21
19
36
6
42
39
69

UK
(2010-2016)
49
47
14
17
36
10
47
11
81

New Zealand
(2000-2016)
32
46
17
3
65
-

*Australia (Total-1712, Revisions-154), Norwegian (Total-1047, Revisions-324), Swedish (Total-1231,
Revisions-357), UK (Total – 3899, Revisions-153) and New Zealand (Total-1380, Revisions-152)

Weak initial fixation was observed when there is a higher magnitude of relative motion
between the bone and implant, resulting in earlier failure due to aseptic loosening. In order
to evaluate the stability of the assembly, postoperative radiographs are used to identify
device migration. Wear generated from liners is also a major cause for an early loosening
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of the device components. Polyethylene particles generated from these bearings cause
osteolysis in the surrounding bone tissue, resulting in bone resorption and subsequent
aseptic loosening of the implant as shown in the figure 2.33.

Figure 2.33 Premature failure of Agility TAR device due to polyethylene wear (Prissel et al., 2014).

When there is a mismatch between the dimensions of the tibial component and
anteroposterior depth of the tibia, there is a high chance of hypertrophic bone proliferation
(Roukis et al., 2016). Damaging extra-osseous talar blood supply at the time of
implantation could cause subsidence, thereby resulting in earlier failure (Zhou et al., 2016).
Deep infections are another major problem associated with every other joint replacement
as well. Infection rate post-surgery is as high as 4.6% for total ankle replacement devices.
Generally, revision arthroplasty is performed in patients with deep infection and sometimes
based on patient’s condition hind-foot arthrodesis using IM nail is preferred.
Mechanical reasons for revision involve malalignment and peri-prosthetic fractures.
Patients with end-stage arthritis usually show malalignment in coronal plane resulting in
uneven loading at tibiotalar joint level. Uneven loading on the joint during gait causes
higher contact stresses at the articulation resulting in polyethylene wear. Therefore, it is
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very important to correct the alignment to restore it back to the neutral coronal plane before
implanting the device. Peri-prosthetic ankle fractures are often seen in elderly patients with
osteoporotic bone and commonly result from low-energy falls. These fractures are
classified based on the cause of fracture, its anatomical location and device stability as
shown in the table 2.13. Stability of the device is determined by using patient radiographs.
In case of radiolucency (a sign of loosening) or fracture growing towards the device, the
implant’s condition is considered as unstable otherwise the implant is considered as stable.
Table 2.13 Fracture classification based on location and prosthesis condition (Manegold et al., 2013)

1
2
3

Fracture type
Intraoperative
Postoperative trauma
Postoperative, stress

A
B
C
D

Fracture location
Medial malleolus
Lateral malleolus
Tibia
Talus

S
U

Prosthesis condition
Stable
Unstable

Many studies reported that majority of peri-prosthetic fractures occur intraoperatively, but
few cases showed postoperative fractures. Intraoperative fractures that occur at medial
malleolus are generally higher when compared to the number of fractures that occur at
lateral malleolus. A study by Manegold (2013) collected data of 21 patients who
experienced peri-prosthetic fracture after undergoing total ankle replacement surgery.
Nearly half of the patient population (about 11 patients) showed an intraoperative fracture
and remaining 10 patients showed a postoperative fracture. Majority of the postoperative
fractures are stress fractures and occurred at medial malleolus. Several complications like
non-union, infection and joint immobilization arise due to peri-prosthetic fractures.
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Previous Works
The articular surfaces are the primary stabilizers that constrain excessive talar rotation and
translation under load-bearing conditions. However, ligaments also play a critical role in
joint stability and mobility (Hertel, 2002). Therefore, it is very important to understand the
behavior of these structures and their effects on joint mobility and stability under different
conditions. The characterization of ankle joint contact depends on the basic geometry of
the bone, incongruency, and thickness of the cartilage layer covering the joint. Wynarsky
(1983) developed a mathematical model of the ankle joint to understand the pressure
distributions in anteroposterior and medial-lateral directions. In this model, both tibia and
talus were represented as circular half-cylinders with different radii. A sine function was
defined to model joint incongruity for the talus and a symmetric load was applied to obtain
stresses in the cartilage. The effect of joint incongruity on pressure distribution was
determined by integrating the force equation to obtain radial stress. Under light loads, the
presence of joint incongruity causes higher stresses on the initial contact sites (condyles)
and minimal stresses were observed in the central region.
Tochigi (2006) studied the role of articular surface geometry on ankle joint stability under
weight-bearing conditions. Six cadaver ankles with intact ligaments were tested by
applying two different loads: a primary load (axial – 600 N) and a secondary load
(anterior/posterior force – 40 and 80 N, inversion/eversion - 150 N·cm and internal/external
torque – 300 N·cm) as shown in the figure 2.34. The obtained results showed that articular
surface contributes about 70% of anterior/posterior stability, 50% of version stability, and
30% of internal/external rotation stability.
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Figure 2.34 Application of different loads (axial, flexion and version) on Ankle joint (Tochigi et al., 2006).

Anderson (2006) conducted finite element analysis (FEA) to quantify contact stresses in
normal and fractured ankle joints. 3D models were constructed by using CT data of seven
patients and cartilage with a thickness of 1.5 mm was built on each bone by extruding the
zonal mesh near the articular surface region. Gait was simulated by applying a sequence of
loads ranging from 10-2800 N with rotation angles of 5o in plantar flexion to 9o in
dorsiflexion. Peak contact stresses with a range of 9-14 MPa was observed in case of
normal ankles. When compared with normal ankles which are intact, the fractured ankle
exhibited higher contact stresses, about 18 MPa in the articular region due to incongruency
and the stress distribution was not uniform and more heterogeneous. Anderson (2010)
determined the effect of implantation accuracy on ankle contact mechanics by using a
metallic focal resurfacing implant. A 15 mm diameter osteochondral defect was introduced
in the talar dome, which causes a reduction in contact area by 20%. Under weight-bearing,
a significant shift in loading and contact stress patterns on talar dome were observed
between the intact specimen and tested specimen. When compared with peak contact stress
observed in the intact specimen (2.1 MPa), there is an increase in stresses about 1.4 times
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for the specimen with the defect. About 90% reduction in contact stresses was observed
after resurfacing the talar dome with the focal implant. A study by Wentorf (2015)
determined the effect of implantation on joint laxity in three planes of motion. Five
cadavers were considered for this study and joint laxity was tested with 44 N compressive
loads. Different loading conditions were considered by simulating a flexion motion at 15o30o, 3 Nm internal-external torque, and a force of 100 N in the anterior-posterior direction.
No significant difference was observed in the axial plane, but a change was observed during
pronation/supination motion and during 19-30 degrees of plantar flexion motion.
Bae (2015) conducted FEA to determine the ankle joint characteristics after an acute ankle
sprain. To simulate injury, lateral ankle ligament rupture models were considered for the
study. Stance phase of the gait cycle was simulated by applying GRFs (728 N, 594 N and
763 N) to the superior faces of tibia and fibula, and tibia was inclined at (-6o, -1o and 19o)
during foot flat, mid-stance and push off stage respectively.

Figure 2.35 Contact pressure distributions in intact and ATFL-ruptured ankle joints (Bae et al., 2015).
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In both cases, contact pressures increased with progression of the gait cycle, and the
concentration points moved from lateral side to medial side, and from posterior to anterior
side as shown in the figure 2.35. With the increase in the load during the stance phase of
the gait, the difference in contact pressure values between the cases increased. During heelstrike, the difference is very minimal, about 0.01 MPa and it increased to 1 MPa during the
push-off stage. A similar trend was observed for peak contact strains, anteroposterior and
mediolateral translation.
Wear generated from polyethylene bearing cause aseptic loosening of the device due to
osteolysis, finally resulting in premature failure. In order to understand the wear behavior
under load, several studies have conducted finite element analysis to determine the contact
stresses at the articular surfaces. McIff (2002) conducted wear characterization of STAR
device. By conducting finite element analysis (FEA), the effect of liner thickness, flexion
angle and joint congruency was determined. Little difference in load distribution was
observed by varying the flexion angles but more uniform stress distribution was observed
with increase in the thickness of the liner. A study by Miller (2004) determined stresses in
polyethylene liners by conducting wear analysis on the semi-constrained prosthesis.
Prosthesis with two different widths of talar components was tested. Both designs allowed
lateral-medial translation in addition to flexion motion. An axial load of 3330 N was
applied on the bottom surface of polyethylene component, and both dorsiflexion and
plantar flexion motion were simulated by applying 20o in the sagittal plane for determining
the effect of flexion on the liner stresses. Wider talar component with more surface area
(about 37%) increased the inferior talar interface area resulting in 17% reduction in contact
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stresses (from 36 MPa to 26 MPa at the edge of the talar component and from 24 MPa to
20 MPa at the center) when compared with trapezoidal shaped talar component.
Reggiani (2006) conducted finite element analysis on BOX (Bologna-Oxford) TAR
device, which is a three-component device, to determine the contact stresses during the
stance phase of the gait cycle. Both tibial and talar components were assumed as rigid
bodies and elastic-plastic continuum properties were applied to polyethylene meniscus.
Eight ligaments were considered, and each ligament was modeled as a 3D array that
consists of five fibers. In addition to flexion motion applied in the previous study, internalexternal rotation motion was applied. A peak load of 1600N was applied, and a contact
pressure of 16.8 MPa was observed at 79% of the stance phase of the gait cycle, but average
contact pressure value is below 10 MPa. Espinosa (2010) conducted FEA on Agility (twocomponent) and Mobility (three-component) devices. Peak and average contact pressure
in the liners were determined by simulating misalignments under physiological loads as
shown in the figure 2.36. The obtained contact stresses exceeded the yield strength of the
material due to sensitivity towards version misalignment. However, when compared with
a two-component prosthesis, three-component prosthesis showed less sensitivity to the
misalignment and distributed loads more evenly. Coronal misalignment of greater than 5 o
increased the magnitude of contact stresses by two-fold. Rodrigues (2013) tested both
Agility and STAR devices by incorporating bone-remodeling parameters into the analysis.
Dynamic loads were applied (including axial load, interior-exterior and anterior-posterior
loads, and interior-exterior torque) to determine the stresses and friction coefficient of 0.01
was considered. Both the prostheses exceeded recommended contact stress limit of 10 MPa
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(Buechel-Pappas). However, the Agility prosthesis showed three times higher contact
stresses (31.75 MPa) than STAR prosthesis (9.74 MPa).

Figure 2.36 Contact pressure distributions in the bearing components of Agility and Mobility devices
during gait (Espinosa et al., 2010).

Elliot (2014) determined wear characteristics of WSU TAR devices by applying axial load
observed during the stance phase of the gait cycle. Different metallic materials were
applied as tibial and talar components and viscoelastic modeling was used to model the
UHMWPE bearing. To calculate wear based on contact stress values, a wear equation was
derived based on Hertzian contact theory and Archard’s wear law. Maximum wear rate of
3.74 mm3/yr was obtained for a contact stress value of 25.6 MPa. By considering geometry
characteristics of these devices, the effect of each parameter on stresses was determined by
developing regression equations, and these equations were used to calculate the optimized
values for each geometric parameter. Kerschhofer (2016) evaluated WSU TARs by
replacing UHMWPE with carbon fiber reinforced PEEK as the bearing component, and
observed significant reduction in contact stress values. Saad (2015) deduced the effect of
design parameters on wear generation in BOX TAR device. Contact model based on
Hertzian contact theory was developed for non-conforming elastic bodies.
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eq. 2.7
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Where,
W(t) – Axial load, Dh – diameter of the talar component, Dc – meniscal bearing diameter,
Eh – Young’s modulus of the metallic component, Ec – Young’s modulus of bearing
component, vh – Poisson’s ratio of metallic component, vc – Poisson’s ratio of bearing
component, dt(θ, ϕ) – distance between the contact surface of the applied load and generic
point P.
Different meniscal bearing thicknesses from 4-12 mm with an increment of 2 mm were
considered for this study. To determine the effect of radial clearance on contact stresses,
the talar component was remodeled with a different radius of curvature values varying from
16-36 mm. The radius of curvature 30 mm was used to model the meniscal bearing. Wear
parameters linear wear depth and volumetric wear rate were measured for each model.
Talar components with a radius of curvature 30 mm and 36 mm produced lowest linear
wear depths whereas, the component with 16 mm curvature produced highest wear depth.
No significant effect on contact stresses was observed between menisci with different
thickness values. Many researchers have applied Elastohydrodynamic lubrication (EHL)
to understand the tribological performance of artificial hip joints. Studies by Udofia (2003)
and Liu (2006) applied EHL model for hip devices to understand the effect of the radial
clearance on pressure distribution. Fluid flow between the two surfaces can be explained
by Reynolds equation. Both the Reynolds equation and the elasticity equation were coupled
to obtain the constitutive model for determining hydrodynamic pressure (p).
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Film thickness equation:
h = (c − ex sinθcos∅ − ey sinθsin∅ − ez cosθ) + δ

eq. 2.10

Where,
R1 –Femoral head radius, ω – angular velocity, h – total film thickness, η – viscosity of the
liquid, δ – elastic deformation, c - radial clearance, ex, ey and ez – eccentricities, θ, ∅ angular coordinates on side leakage and entraining directions.
Zhu (2016) deduced the effect of posterolateral ligament injuries on ankle joint stability by
conducting FEA. CaFiL, PTaFiL and PITaFiL were cut off to simulate the injury
mechanism. To establish stability between the bones, an initial load of 58.8 N was applied
to the top surface of the tibia, followed by a vertical load of 588 N. Internal-external
rotation is generated by applying a torque of 10 Nm to tibia-fibula. By removing these
ligaments, the forefoot positions changed significantly by 2-5 mm, affecting the subtalar
joint stability. Both CaFiL and PITaFiL played a major role in maintaining ankle joint
stability, and especially PITaFiL was important for subtalar joint stability. Wong (2016)
conducted risk analysis on ankle models to predict the fracture sites on talus and calcaneus
bones at different impact velocities. With the increase in impact velocity from 2.0 m/s to
7.0 m/s, both maximum von Mises and Tresca stress increased from 0.7 MPa to 5.06 MPa
and 0.75MPa to 5.47MPa, respectively. The obtained results showed that peak von Mises
stresses occurred near the talocalcaneal articulation and at the calcaneal tuberosity as
shown in the figure 2.37, which corresponds to the common injury sites.
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Figure 2.37 Peak von Mises stresses in talus and calcaneus at different impact velocity (Wong et al., 2016).

A kinematic model to predict ankle joint motion was first developed by Dul (1985). Ankle
and Sub-talar joints were modeled with three rigid segments: shank, talus and foot and they
were connected by two hinge joints as shown in the figure 2.38. The kinematic model was
mathematically expressed in a 4x4 transformation matrix which predicts any point on the
foot (relative motion) w.r.t shank coordinate system. Singh (1992) developed a hinge axis
model of the ankle joint to locate the talocrural joint axis. Six frozen cadaver legs were
used in this study, and foot was moved passively in dorsiflexion and plantar flexion motion.
Talar dome circularity was obtained from cuts made perpendicular to the talocrural joint
axis. Significant variation was observed between the ankles for axis offset and range of
motion.
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Figure 2.38 Ankle joint kinematic model with three rigid body segments and two hinge joints (Dul et al.,
1985).

Leardini (1999a) conducted a cadaver study to understand ankle joint mechanics under
passive loading conditions, and this study reported that both CaFiL and TiCaL exhibited
inextensibility during flexion motion. Based on previous study results, a 2D four-bar
linkage model was developed by Leardini (1999b) to derive ligament compatible shapes
for TAR devices. For this model, both tibia and fibula were considered as one bone
segment, and talus and calcaneus were considered as another segment. Since CaFiL and
TiCaL contribute about 80% of the joint motion in the sagittal plane, these two ligaments
were used to drive the mechanism. Both dorsiflexion and plantar flexion motion were
simulated to obtain contact points on articular surfaces of respective bones. The obtained
contact points were used to determine the radius of curvature for tibia and talus. Because
of the better degree of entrapment, Leardini (2001) preferred convex shape over flat and
concave tibial component shapes. Additionally, the convex shape of the tibial component
was able to restore the mobility of the ligaments and exhibited congruity throughout the
range of flexion motion. A new mathematical model was proposed by Corazza (2003) to
calculate the ligament fiber recruitment and to derive load/displacement curves of each
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ligament at different flexion angles. In similar to previous studies, both talus and calcaneus
were considered as single rigid body and all the ligaments were modeled as an array of
fibers with non-linear stress/strain relationship. Joint laxity was observed in the neutral
position and with an increase in the flexion angle, the joint became stiffer. By using the
same mathematical model, Corazza (2005) observed a consistent pattern of contact on the
articulating surfaces during dorsiflexion and plantar flexion motion. The average position
of the contact area was 58% posterior to the anterior-posterior length during maximal
plantar flexion and 40% anterior during maximal dorsiflexion motion. To understand the
interaction between articular surfaces and ligaments during passive ankle joint motion,
Gregorio (2007) formulated two spatial parallel mechanisms with one DoF (degree-offreedom) mechanism and frictionless contacts between bones. Three contact pairs were
present for one of the spatial mechanism (with planar-spherical articulation between the
components), and for the second model, only one contact pair (concave-spherical
articulation) was present. This mathematical model was applied to three subjects to
determine the relative position of bony segments during joint motion.

Significant

differences in joint rotations, contact pattern, and range of motion were observed between
the subjects.

This resulted in poor reproduction of joint motion due to improper

simplification of geometric constraints.
Franci (2009) revised Gregorio’s model by developing an optimization algorithm to predict
geometrical parameters through an iterative process. All the three planar contact pairs were
replaced with sphere-sphere articulation to obtain converged results. One DoF spherical
model was proposed by Sancisi (2014) to predict the ankle joint motion under passive
loading conditions and to validate previous mathematical models. This model consists of
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one ball and socket joint (articulation between tibia and talus) that has three degrees of
freedom as shown in figure 2.39. However, the motion of the model is constrained to a
single plane by CaFiL and TiCaL, which were modeled as rigid body links. This model
eliminates the extra complexity involving point digitization, which is required for modeling
articular surface. The three-dimensional kinetostatic model was developed by Forlani
(2015) to replicate ankle joint motion under loaded and unloaded conditions. Unlike
previous models which are rigid body link mechanisms, this model behaves as a compliant
mechanism. Viscoelastic properties were used to model the structures. Five binary links
were present in the model with three articulation points and two isometric fibers connecting
tibia/fibula segment with talus/calcaneus segment.

(a)

(b)

Figure 2.39 Parallel spatial mechanisms showing a) three contact pairs and b) one contact pair (Franci et
al., 2009), (Sancisi et al., 2014).
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Chapter 3: Biomechanical Evaluation of
Tibiotalocalcaneal Arthrodesis System
Introduction
Tibiotalocalcaneal arthrodesis (TTCA) procedure is widely performed in patients suffering
from severe ankle and hindfoot deformities (Myerson et al., 2000), (Easley et al., 2010).
The main goal of this technique is to relieve pain and to improve the functionality of the
joint by stabilizing it biomechanically through solid fusion (DiDomenico et al., 2012).
Conditions such as arthritis, subluxation and/or deformity of tibiotalar and talocalcaneal
joints may require fusing the subtalar joint with the ankle joint. Ankle fusion can be
achieved by using screws, plates, Steinmann pins, internal (nails) and external fixators
(Thomas et al., 2012). In case of severe osteoporosis, avascular necrosis, and failed ankle
fusion, the surgeon may seek to obtain the extra purchase of calcaneal bone to achieve the
fusion (Berkowitz et al., 2012), (BIOMET, 2013). A nail is inserted through the plantar
aspect of the foot to achieve the needed stability, position, fixation and alignment. This
procedure has multiple steps which involve ankle arthrotomy to prepare joint surfaces, and
then a retrograde Intramedullary (IM) nail is inserted through a 3 cm longitudinal plantar
incision, which is made anterior to the subcalcaneal fat pad and slightly lateral to the
midline (BIOMET, 2013). Screws are placed proximally into the tibia and after achieving
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the desired compression, the nail is locked distally with screws into the talus and calcaneus
as shown in figure 3.1.

Figure 3.1 A tibiotalocalcaneal construct with arthrodesis nail showing core locking mechanism (BIOMET,
2013)

Premature failure of fracture fixation implants is often cited in the literature where
incidence of nonunion occurred 57% in complex situations for ankle arthrodesis using IM
nail (Fragomen et al., 2008), (Doets et al., 2010), (Jehan et al., 2011), (Cooper, 2001). Such
failures take place either on the nail or locking screws. When a device fails, it leads to
angulation, shortening, mal-union and nonunion of the fracture, and associated device
migration (Ronald et al., 2008), (Slater et al., 2014). Donnenwerth (2013) observed a
nonunion rate of 24.2% in patients with mean age of 58.8 years (range: 17–80 years) who
were treated with TTCA procedure with retrograde compression IM nail fixation for a
failed total ankle replacement. Due to its superior biomechanical properties and loadsharing feature, retrograde intramedullary nailing has become a reliable choice for use in
TTCA when compared with other devices (Thomas et al., 2012), (Fragomen et al., 2008).
Since IM nailing has been extensively used to treat femoral and tibial fractures, failure of
short femoral nails occurs widely and long IM nails fail to some extent as well. However,
no engineering study has been reported regarding the failure of IM nail used in
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tibiotalocalcaneal joint fusion. In this paper failure analysis of a failed IM nail from TTCA
has been reported and constitutes one of the original investigations.

Background
Case Study
A 49-year-old male patient underwent TTCA procedure with a Biomet Phoenix ankle
arthrodesis nail. Following the surgery patient continued to have pain. X-ray investigation
(shown in figure 3.2) revealed non-union of sub-talar joint due to fractured nail. The patient
agreed to revision procedure to remove the nail and to re-fuse his subtalar joint as indicated
by the X-rays. His ankle joint was completely fused. The retrieved nailing system was
donated to us for failure investigation.

Figure 3.2 X-ray showing the fracture of the nail from the site of proximal talar screw

Failed Device
An IM nailing system for TTCA is preferred over open reduction and internal fixation
procedures which use plates and locking/non-locking screws. Both the plate and nail can
be formed to match the bone shapes (Thapa et al., 2015), (Schumer et al., 2010), (Azevedo
et al., 2002), (Azevedo et al., 2003a), (Azevedo et al., 2003b), (Goswami et al., 2011),
(Dalstrom et al., 2012), (Rieser et al., 2013), (Finnan et al., 2010). The IM nail for
83

arthrodesis can be short or long. The failed arthrodesis nail was 210 mm in length and 10
mm diameter. The system comprised of 2 core-lock caps and inserter connector, 2 proximal
tibia screws, 2 talar/subtalar screws and 1 calcaneal screw, shown in figure 3.1. The locking
systems for two distal screws and calcaneal screw are independent. Displacement slots in
the nail provide a degree of tibiotalar compression of 7 mm, independent of mechanically
locking calcaneal screws by adjusting the core lock mechanism as shown in the figure 3.1
(Biomet, 2013). This feature provides the ability to compress the subtalar and ankle joints
separately thereby achieving tibiotalar compression independent of talocalcaneal joint. The
device is a bi-planar fixation compared to traditional nailing which induces uniplanar
forces.

Materials and Methods
Visual and Optical Microscope Examination
The device was received in the condition shown in the figure 3.3. Fracture sites (FS) were
marked as FS1 and FS2. All parts of the IM nail assembly were separated to avoid contact
between metal surfaces.

FS1

FS2
Figure 3.3 IM nail showing damaged area to be investigated.
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Optical microscopy was performed to identify different types of damage/failure modes and
these observations are summarized in table 3.1.
Table 3.1 Damage type in various parts of IM nail system during visual inspection

Part
IM Nail
Core-lock caps
Screws

-

Visual/Optical Microscopy observations
Scratches all over the outer surface
Scratches near the screw holes
Fractured surface appeared to be shiny
Color coating showing wear in some areas
Scratches on the proximal side of the cap
Threads showing wear on distal side of the cap
Plastic deformation of the screw thread
Scratches on the screw head
Threads showing wear in the inserter region of the
screw head

Note: The scratches on the surface may have occurred during insertion/removal and transportation
of the device to the laboratories.

Nail contained wear and scratches (figure 3.4), pits (figure 3.5) and deformation of the
screw threads (figure 3.6) as shown below.

100 µm

(b)

(a)
Figure 3.4 IM nail showing a) Wear and b) Scratches.
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100 µm

(a)

100 µm

(b)

100 µm

Figure 3.5 IM nail showing a) scratches and large pit like structures and b) wear of surface coating

(a)

100 µm

(b)

100 µm

Figure 3.6 Screws showing a) plastic deformation and b) wear in the screw head region

Radiological Analysis
The CT data was used to observe the placement of IM nail device in both sagittal and
coronal planes. Radiographic data shows that the IM nail was placed towards lateral side
of tibial bone in coronal plane. One of the transverse screws was inserted in the sagittal
plane proximally to the sustentaculum tali towards the talar articular surface (near subtalar
joint) as shown in the figure 3.7. Since the screw was placed in the joint gap, this may have
resulted in the lack of fixation and stability.
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Figure 3.7 Placement of IM nail device in coronal (left) and sagittal (right) planes

Material Property Determination
Metallographic analysis was conducted based on ASTM E3-01 and ASTM E407-99
specifications. Three samples were prepared by cutting the IM nail; 1) sample with ~20
mm thickness for microstructural analysis and hardness measurement, 2) sample weighing
2 grams for performing chemical analysis, and 3) sample to observe the failure modes near
the fracture site under scanning electron microscope (SEM). Rockwell hardness of the IM
nail using a preliminary force of 150 Kg (Brale C-scale) showed the average hardness of
32.2 and was consistent with Venugopalan (2006) and Henry (2009), which corresponds
to a tensile strength of 1000 MPa (ASTM E18-15, ASTM E140-12be1). The tensile
strength value is above 860 MPa, which met the ISO 5832-3 specifications.

Microstructural Analysis
Sample was mounted and polished with different grades of silicon carbide (SiC) paper
starting from 320 to 600 grit (Cotrim et al., 2010). The obtained sample was further
polished with diamond abrasive from 9 microns to 0.01 microns, followed by ultrasonic
cleaning of the sample in acetone (Voort et al., 1999). After polishing the sample, energy
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dispersive X-ray analysis was performed to check the composition of the failed nail, the
analysis of the peaks of the spectrum showed that the material of the nail contained Ti, V
and Al as main elements, figure 3.8. Additionally, two samples were sent to independent
laboratories (University of Dayton Research Institute, Dayton, OH and Element Materials
Technology, Daleville, IN) to quantitatively establish chemical composition of Ti, Al, V,
O and N, respectively. The material met the ISO 5832-3 specifications and corresponding
results are provided in table 3.2. The polished sample was then etched to observe grain
boundaries under SEM using Kroll’s reagent (1-3 mL HF, 2-6 mL HNO3 and 85 mL
distilled water) (Burmann et al., 2015). The optical microscope images were taken at 200x
and 500x magnifications as shown in the figure 3.9. The microstructure revealed alpha
(bright phase) as the matrix and dispersion of dark beta phase in the microstructure shown
in figure 3.10 (Goswami, 2003), (Goswami, 2005). The average percent volume fraction
of alpha in the material was found to be 81% for the submitted failed device.

100 µm
Figure 3.8 Microstructure of IM nail, box indicating where the EDS analysis was performed.
Table 3.2 Chemical composition of Titanium alloy

Material
Titanium sample
ISO 5832-3 specifications

%Ti
90.33 %*
balance %

%Al
5.99 %*
5.50-6.50 %

%V
3.69 %*
3.50-4.50 %

%O
0.1 %+
0.13 % Max

*Analysis was performed by EDS, +Analysis performed according to ASTM E1409-13 test
method
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%N
<0.01 %+
0.05 % Max

(a)

80 µm

(b)

30 µm

Figure 3.9 Etched sample surface under optical microscope a) at 200x magnification and b) at 500x
magnification

(a)

30 µm

(b)

5 µm

Figure 3.10 The microstructure of titanium alloy a) at 1.2K magnification and b) at 8.6K magnification (the
material details are patent pending per Pub. No. US2008/0294164A1, publication date Nov. 27, 2008.

Fractography
The fractured device is shown in figure 3.11, the surface was marked as FS1 and FS2 and
within those specific areas of interests were identified as shown in the figure 3.11.
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FS2

FS1

Area4

Area2
Area3

Area5

overview, FS2
Area1

Area2

Area1

overview, FS1

Figure 3.11 Failed IM nail shows deformed screw threads and the site of nail failure and the fracture
surface divided into specific areas.

Most of the regions observed under SEM showed beach marks. Other failure modes
observed in different regions of the fracture surface of the device are tabulated in table 3.3.
Stereomicroscope and SEM results corresponding to each zone of the fractured area are
shown in figures 3.12 – 3.17.
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Table 3.3 Damage/Failure modes observed at fracture site of IM nail

Fracture Site
Area 1, (Figure 3.15, 3.16)
FS1

FS2
FS1+FS2

Area 2, (Figure 3.12)
Area 3, (n/a)
Area 4, (n/a)
Area 5, (Figure 3.13, 3.14, 3.17)
Area 1, (n/a)
Area 2, (n/a)
Entire fracture surface

Damage/Failure mode
Plastic deformation, Beach marks, Fatigue
striations
Plastic deformation, Beach marks
Beach marks
Residual fracture, Beach marks
Fracture origin, crack, Beach marks, Cleavage
Fatigue striations
Beach marks, Ductile fracture features
Consistent with conjoint bending/torsion loading
Area2
Beach marks

Figure 3.12 FS1-Area 2, stereo microscope image showing beach marks and plastic deformation

Area5
Possible origin of damage

Beach marks

Figure 3.13 FS1-Area 5, stereo microscope image showing origin of damage and beach marks
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Area5

zoom03

zoom01 / 02
Crack origin

200 µm

Figure 3.14 FS1-Area 5, SEM image showing crack origin, arrowheads showing interference

The bright areas in the stereo microscopic images in figure 3.15 show plastic deformation
that may have been due to rubbing. Fatigue striations are observed in figure 3.16 and a
possible crack propagation site is shown in figure 3.17.
Area1

Bright areas: plastic
deformation on the
surface
zoom01

Beach marks

Possible Origin of the damage
Figure 3.15 FS1-Area 1, stereo microscope image showing beach marks and plastic deformation

92

Zoom01

Fatigue striations

10 µm
Figure 3.16 FS1-Area 1, SEM image showing cleavage and fatigue striations

zoom01

193 µm

20 µm
Figure 3.17 FS1-Area 5, zoom01 showing detail crack (primary), SEM image

Additionally, cleavage was seen along with river-line patterns and fatigue beach marks.
The cleavage shown in figure 3.13 appears to be rough. This observation is consistent with
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a small crack propagation life, leading to failure of the nail by a conjoint action of pull-out
(axial) and bending, however, for a nail these features are not reported else-where, though
reported earlier by Goswami (2002) for a bolt which was loaded under combined axial and
torsion loads.

Quantitative Engineering Analysis
Engineering Modeling
A solid model of the IM nail was designed using SOLIDWORKS as shown in the figure
3.18 from the information given in the surgical manual (BIOMET, 2000), (BIOMET,
2013).

(a)

(b)

Figure 3.18 a) IM nail SOLIDWORKS model b) Loading and boundary conditions applied to the IM nail
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Ankle joint experiences higher loads during push-off stage of the gait cycle where axial
loads as high as 3.5 times the body weight (BW) may arise (Michael et al., 2008). Higher
loads result in higher stresses at the articulation. By simulating the joint motion in
arthrodesis patients, a rotation of 0.91° and displacement of 1.02 mm was measured during
torsion and dorsiflexion movements (Fragomen et al., 2008). An average US male body
weight of about 876.4 N was used in the quantitative analysis (McDowell et al., 2005).
Considering the average tibial shaft diameter of 14.9 mm, an axial stress of 17.6 MPa was
applied to the proximal surface of the IM nail to simulate the body weight (Bono et al.,
2005). To apply the secondary load, a reference point was created on the center of axis near
the bottom surface of the IM nail. Kinematic coupling constraint was implemented in such
a way that torsion was generated when rotation was applied in clockwise direction along
y-axis and translation along x-axis was generated during dorsiflexion motion (bending).
Since the exterior surface of the IM nail and screws were encastered as shown in the figure
3.18 the IM nail was constrained by tibial bone proximally and calcaneus bone distally.
Penalty based hard contact interaction with a coefficient of friction (0.35) was defined
between nail-screw and core-lock cap-screw interface (Stachowiak, 2006). Quadratic
tetrahedral element (C3D10) was used to mesh the model and convergence was achieved
when obtained results were within +5% with subsequent mesh revisions. Maximum von
Mises stresses occurring from different loading conditions are summarized in table 3.4 and
corresponding stress contours are shown in figure 3.19.
Table 3.4 Maximum von Mises stresses obtained during different loads

Primary load

Secondary load
Single Load

Maximum von Mises stress
Torsion
Dorsiflexion
846.8 MPa
392.4 MPa
930 MPa

Axial
Combined Load
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The maxmium von Mises stresses occured near the core-lock cap and screw interface under
translation load case (single load), whereas in case of torsion load (single load) and
combined load cases, the maximum stresses occurred near the screw insertion region on
the IM nail surface.

(a)

(b)

(c)

Figure 3.19 Maximum von Mises stress obtained during a) dorsiflexion motion b) torsion (internal/external
rotation) c) combined loads.

Numerical Analysis
The objective of performing numerical analysis was to compare theoretical failure
conditions of predicate devices with the device under examination. It is likely that the
device under examination may have failed within the ranges of the predicate devices.
Stiffness of four nails 1) AO Nail-Slotted (AONS), 2) Russell Taylor Nail-Non-Slotted
(RTNS),

3) Biomet Ankle Arthrodesis nail with posterior-to-anterior (PA) interlocking

screw (BNPA), and 4) Biomet Ankle Arthrodesis nail with transverse interlocking screw
(BNTR) was compiled (Eveleigh, 1995), (Mann et al., 2001). The data was digitized and
exported to JMP software to determine regression fit for predicting stiffness values using
bivariate analysis. The obtained regression equations for different nails are summarized in
table 3.6 and the results showed a significant correlation between load (axial and torsion)
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and deflection (translation and rotation), respectively, with a p-value less than 0.0001. The
corresponding JMP results are shown in figures 3.20-3.22.

Figure 3.20 Bivariate analysis showing regression equation for axial (left) and torsional (right) stiffness
data in case of AONS

97

Figure 3.21 Bivariate analysis showing regression equation for axial (left) and torsional (right) stiffness
data in case of RTNS
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Figure 3.22 Bivariate analysis showing regression equation for torsional stiffness data in case of BNPA
(left) and BNTR (right)

Using regression equations from table 3.5, torsional load was predicted using MATLAB
code for all the IM nails based on joint rotation observed during gait. The obtained results
are shown in figure 3.23. The results show that stiffness values of ankle IM nails (BNPA,
BNTR) are intermediate to the femoral IM nails (AONS, RTNS). For a joint deflection of
0.2 rads, it can be observed that IM nail with posterior to anterior screw assembly
experiences a torsion load of 17 Nm compared with 9 Nm in case of transverse screw.
Figure 3.23 also shows that BNPA screw assembly had nearly twice the torsional stiffness
properties when compared with BNTR screw assembly. By using standard deformation
formulae, geometric parameters of IM nail, and translation and deflection values
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(Fragomen et al., 2008), axial and torsion load acting on the IM nail were determined.
These values are provided in table 3.6 for each parameter (Fragomen et al., 2008). These
devices had a maximum load to failure of 1028 N (BNTR) and 1492 N (BNPR) under axial
load, and 30-40 Nm under torsion load (Mann et al., 2001), (Means et al., 2006).
Table 3.5 Stiffness values for different types of IM nails at higher deflection points

Nail Type
AONS
RTNS
BNPA
BNTR

Stiffness Type
Axial
Torsional
Axial
Torsional
Torsional
Torsional

Regression Equation
L = 1.54 + (397.56 × t)
T = 0.10 + (7.31 × r)
L = 0.37 + (522.90 × t)
T = 0.21 + (214.13 × r)
T = −0.26 + (82.37 × r)
T = 0.47 + (42.93 × r)

Note: L- Axial load (N), T- Torsion Load (Nm), t –translation (mm) and r –rotation (rads).
Table 3.6 Axial and Torsion Load acting on IM nail

Load acting
Axial
Torsional

Value
1073.75 N
3.15 Nm

Note: δ - axial deflection/deformation (0.03 mm), ф - angle of twist (0.91 deg), P - Load (N), L Length of the IM nail (210 mm), ro – Outer radius of the nail (5 mm), ri – Inner radius of the nail
(2.25 mm) and E - Young’s modulus (120000 N/mm2), and G - Shear modulus in (44×109 N/m2)
(BIOMET, 2013), (Fragomen et al., 2008), (Niinomi, 2010), (ASTM F136-13).

Figure 3.23 Predicted Torsional Stiffness data for IM nails based on higher rotational values
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Discussion
This paper combines destructive, qualitative and quantitative failure analysis methods.
Microscopic analysis of IM nail shows scratches and wear on the surface that may have
occurred during implantation/removal of the device. The screwthreads cleary showing
plastic deformation (figure 3.11) when magnified damage is visible in figure 3.6. It
appeared that the screw threads on the talar screw had been plastically deformed either
during implantation or removal. This plastic deformation is related to the relative
movement of the damaged nail. However, complete separation of the nail took place in
vivo as indicated in figure 3.2. Such extensive deformations indicate that there may have
been an interference and the threads may have made contact with the walls of the nail
causing it to crack. Orthopaedic surgeons are in agreement with this problem. Radiographic
data shown in figure 3.7 show both the tibia and talar bones fused together and calcaneus
bone was free to move under compression. IM nail implantation shows lack of purchase of
bone to provide adequate fixation and stability. One of the distal interlocking screws was
inserted proximally to the sustentaculum tali towards the talar bone surface (towards
subtalar joint). This affects the stiffness properties of the entire bone-IM nail assembly.
Previous work reported by Azevedo (2002, 2003) showed lack of material conformity to
specifications, corrosion, and other damage mechanisms starting the cracking process, also
reported by Thapa (2015). However, interference during surgery, lack of bone purchase,
inserting in joint space are the aspects not controlled and led to the premature failure of IM
nail.
SEM analysis showed the striation spacing within a range of 10-15 µm. A finer striation
spacing (0.3-1.4 µm) was reported in the case of a locking compression plate (Thapa et al.,
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2015). The case under investigation revealed interference during the construct preparation
which likely eliminated the crack initiation life resulting in crack propagation directly, as
shown in figure 3.17. Based on these observations the crack may have propagated for less
than 100 cycles. We measured the number of striations to be 30 to 40. Striations
documented and their spacing indicates that crack may have advanced from 0.4 to 0.6 mm,
before subsequent loading resulted in failure by overloading mode. The fatigue origin sites,
beach marks and striations suggest that the main loads are due to a conjoint action of axial,
bending and torsional modes. Therefore, it is very difficult to estimate stress intensity factor
under these loading conditions since the device failed under mixed mode conditions. Table
3.7 lists the failure conditions under combined load in the IM nail. SEM analysis in figure
3.15 showed cleavage and beach marks at the fracture site, showing aspects of fatigue due
to load bear. Material may also contain discontinuities though no cracking from those sites
was observed (Narayan, 2009), (Donachie, 2000). Unlike the triple vacuum arc remelting
(VAR) method used in aircraft industry which minimizes the inclusions, traditional
commercial melting method is used in case of biomedical alloys resulting in higher
inclusion content in the material (Brown et al., 1996), (Mouritz, 2012), (Oshida, 2010).
Some of these concerns are consistent with Azevedo (2002). Based on numerical analysis,
axial load acting on the IM nail (1074 N) is significantly higher than the load to failure of
the IM nail reported (1028 N for transverse screw assembly) which could result in
immediate failure of the implant given that patient was known to be obese. Presence of
beach marks on the fracture surface in figures 3.12 and 3.15 shows that the crack was
propagating from the time of load bear, resulting into premature failure of the construct.
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Since the crack had propagated sufficiently in the nail, it transitioned to tertiary mode and
failed may or may not under low cycle fatigue mode (Goswami, 1999).
As pointed out earlier, hind foot plays a major role in transferring the ground reaction forces
to the rest of the body and the major range of torsion at the tibia is guided by subtalar joint
(Michael et al., 2008). The anatomical nature of the present case is investigated here, where
the joint is constrained and not allowed to have motions, the calcaneus bone was free to
move in both the planes of motion which resulted in transferring higher torsion loads to the
joint during gait. Conjoint forces resulting from axial compression and torsion increased
von Mises stresses in the IM nail assembly. Table 3.1 shows that internal/external motion
is higher in patients with arthrodesis when compared with normal group (Wu et al., 2000).
Based on the radiographic data it can be observed that there is no calcaneal screw inserted
into the bone and from the results in table 3.5 and from figure 3.23, IM nail with posterior
to anterior locking screw have greater stiffness properties when compared with transverse
distal screw assembly. From the numerical analysis in table 3.7, it can be observed that
without calcaneal screw the load to failure of the assembly construct was reduced
significantly (1074 N compared to 1492 N with calcaneal screw) thereby, exposing the nail
to higher axial, bending and torsional loads. The finite element analysis carried out shows
maximum stresses occurring near the screw insertion region on the IM nail and resultant
maximum von Mises stresses during torsion (single load) and combined loads are above
the tensile strength properties of the material. Additionally, an aspect of interference, if
added, to stress development, and a pre-crack, the resulting scenario will be a premature
failure upon full load-bear. Thus, the failure of the IM nail device was a result of multiple
parameters interacting with each other, namely, 1) interference between the screws and IM
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nail during construct preparation - causing crack initation, 2) screw placement resulting in
lack of bone purchase - affecting the bone-device assembly stiffness, 3) no fusion at the
subtalar joint resulting in a free calcaneus -transferring torque - generating higher von
Mises stresses during load bear and gait causing the crack to propagate, 4) overloading
failure of the nail once the crack had propagated for about 0.4-0.6 mm.
The structural integrity of the IM nail was compared with published data from the literature
and FEA carried out during this investigation. We could not find critical biomechanical
parameters related to bone, device and their construct, including complex variables such as
person’s body weight, bone density, and lack of purchase of the construct. Lack of
information further complicates the investigation and the need to perform quantitative
stress analysis to show regions of high stress development. Since dorsiflexion/bending and
torsion movements play an important role to determine the device survivability and life,
these parameters are tabulated in table 3.7. Failure under primary axial and secondary
torsion, primary axial and combined loads is governed by the material yield strength
(Michael et al., 2008). von Mises stresses generated during these loading conditions were
within a range of 846-930 MPa exceeding the yield strength of the material. The results
obtained clearly show that the IM nail failed due to primary and secondary loads exceeding
the axial limit loads, i.e., yield strength of the material. Existing data on IM nail from
previous generation models show that the device in this investigation experienced higher
stress. The analysis did not consider the interference and presence of a pre-crack, that
would further increase the actual stresses on the IM nail at the sites of holes. These
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combinations of parameters namely interference, pre-crack, combined axial and torsion
loads, and rotation of the calcaneus would result in premature failure.
Table 3.7 Comparison between obtained results and failure conditions (Mann et al., 2001), (Means et al.,
2006), (Bronzino, 2000), (O’Neill et al., 2007).

Loading
Primary axial load +
Secondary translation load*
Primary axial load +
Secondary torsion load*
Primary axial load +
combined loads*
Axial Load to failure*
Torque to failure

von Mises stress/
Load values
Finite Element Analysis
392 MPa

Failure Conditions

846 MPa

Yield strength – 795 MPa,
Ultimate tensile strength –
860 MPa

930 MPa
Numerical Analysis
~ 1074N
3.15 Nm (numerical analysis),
9 Nm (Regression analysis
at 0.2 rads joint rotation)

> 1028 N (TR screw) and
> 1492 N (PA screw)
30-40 Nm

*Critical parameters that caused the premature failure of IM nail device
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Chapter 4: Characterization of Retrieved
Total Ankle Replacement Liners
Introduction
Osteoarthritis (OA) is most prevalent in weight-bearing joints and every year nearly 50,000
new cases are reported (Saltzman et al., 2009). Methods that are usually employed to treat
ankle osteoarthritis are arthrodesis and total ankle replacement. In cases of arthrodesis, the
bones are fused together by using rods, plates, screws or pins. Due to non-uniformity in
operation and high complication rate of arthrodesis, TAR has emerged as an alternative to
arthrodesis (Michael et al., 2008). During replacement, the entire ankle joint is replaced
with an implant device as shown in figure 4.1. The advantage of replacing the ankle joint
helps in preserving the movement and function of the joint by relieving pain. When
compared with other joint replacements, total ankle replacement has higher revision rate
of 3.29 per 100 patients (Labek et al., 2011). In all national joint registries, aseptic
loosening of the prosthesis was reported as a major cause of revision (Sadoghi et al., 2014).
Several studies reported wear generation is mainly associated with hip, knee, and ankle
joint replacements (Alhassan et al., 2008), (Carr et al., 2009), (Bhatt et al., 2008), (Elliot et
al., 2014), (Gundapaneni et al., 2015). Major factors that contribute to the failure of total
ankle replacements are fixation method and component design (Michael et al., 2008).
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Since the 1960’s, Ultra-high molecular weight polyethylene (UHMWPE) is used as a liner
material in TARs because of its high strength and good resistance to fatigue (Elliot et al.,
2014). During the stance phase of the gait cycle, nearly 77-90% of the load is transferred
to the dome of the talus (Michael et al., 2008).

Figure 4.1 Ankle joint replaced with a TAR device placed between tibia and talar bones (Arthritis Research
UK, 2013).

Contact stresses developed at articular surfaces during gait (i.e. stresses between the liner
and metal components) cause UHMWPE to undergo pitting, delamination and changes in
the crystal structure, resulting in low resistance to wear (Elliot et al., 2014), (Gundapaneni
et al., 2015). Wear particles generated from the liner causes osteolysis in the peri-prosthetic
tissues resulting in early loosening of the implant (Carr et al., 2009). A lot of improvements
have been made to increase the mechanical and fatigue properties of UHMWPE by doping
it with vitamin E or by reinforcing it with carbon nanofibers, yet a significant amount of
wear generation has been reported (Bracco et al., 2011). Although the failure rate of these
devices is high when compared with other joint replacement devices, no engineering study
has been reported regarding the failure. In this study, an attempt was made to understand
the wear behavior of the TAR devices.
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Background
Case Studies
STAR Device:
A 52-year-old female patient with a BMI of 33.95, had underwent a TAR surgery in
January 2012. In September 2014, the liner of STAR device had mechanically failed,
separating into 2 pieces. Post-operative x-rays reveal mal-alignment of foot after primary
surgery. A revision surgery was performed to exchange the liner, and calcaneal and midfoot
osteotomies were performed to correct triple arthrodesis mal-union.
Agility device:
A 52-year-old male patient had a TAR surgery for his left ankle due to degenerative
arthritis. A DePuy agility ankle device was implanted. 18 months later he had fell and
twisted his ankle. A radiolucent line was seen at the fibular portion of the prosthesis. 5
years post-surgery he complained of pain and was walking with a cane. Loosening was
evident along the fibula side.

Device Details
STAR: A Scandinavian Total Ankle Replacement (STAR) device consists of three
components as shown in the figure 4.2. Both tibia and talar components are made of CoCr-Mo (ASTM F-75) plasma spray-coated with titanium. Both the components are
available in five different sizes. Highly crosslinked UHMWPE (ASTM F-648) is used as
the mobile bearing and the component is available in different sizes ranging from 11 to 14
mm. The tibial component has a trapezoidal shape with rounded corners and with a
thickness of 2.5 mm (Small Bone Innovations, 2009), (Small Bone Innovations, 2013). On
the proximal surface of the plate there are two parallel stabilizing cylinders aligned in
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anterior-posterior direction for bone fixation. The tibial component has a flat surface so
that it matches to the distal tibial cut made during the surgery. The proximal surface of the
mobile bearing is flat and the distal surface is concave in shape. The bearing component
has a central radial groove running from anterior to posterior that articulates with the ridge
of the talar component. The proximal surface of the talar component is dome-shaped which
conforms to the anatomical shape of the talar dome. Zhao (2011) collected data involving
2,088 ankles treated with STAR total ankle replacement and reported nearly 127 revision
cases due to aseptic loosening. The size details of the failed device investigated in this
study are unknown.

Figure 4.2 STAR Total Ankle Replacement device showing mobile bearing and other components (Small
Bone Innovations, 2009), (Small Bone Innovations, 2013).

Agility: The agility ankle prosthesis is a semi-constrained and two-component prosthesis
as shown in figure 4.3. The tibial component consists of two pieces; 1) obliquely
rectangular-shaped metal piece made of titanium alloy and 2) concave-shape plastic piece
made of polyethylene, which is integrated into the metal piece. Unlike STAR, which has a
mobile bearing, AGILITY has a fixed bearing. The talar component is convex-shaped and
it is made of Co-Cr alloy. Both the component surfaces are sintered with titanium beads
for bony ingrowth (Kurtz, 2009). The talar component is placed perpendicular to the tibial
component to articulate with the bearing surface on all sides. The articular surface of the
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tibial component is wider than that of talar component thereby allowing sliding and
rotational motion. This device allows complete joint replacement through syndesmotic
fusion between the tibia and fibula thereby resisting subsidence by increasing the boneimplant interface (Kurtz, 2009). This device is available in six different sizes with two
thickness sizes for bearings. Roukis (2012) collected data involving 2,312 ankles treated
with agility total ankle replacement and reported 182 revision cases due to implant
component failure. The device investigated in this study is a size 4 device.

Figure 4.3 DePuy Agility Total Ankle Replacement device showing different components in the assembly
(Foot and Ankle, 2016).

Typical properties of UHMWPE liner used in these devices are provided in the table 4.1.
Table 4.1 Mechanical properties of UHMWPE grades GUR 1020 and 1050 (Quadrant MediTECH, 2016)

UHMWPE
Property
ASTM
standard
Density (kg/m3)
D792/D1505
Tensile stress at yield (MPa)
D638
Tensile stress at break (MPa)
D638
Elongation percent at break (%)
D638
Tensile Modulus (MPa)
D638
Poisson’s ratio
F648
Crystallinity; DSC, (20 °C –160 °C) (%)
D3417
Shore Hardness D-scale, 15 s
D2240
Melting point; DSC, 10K/min (°C)
D3417
Glass transition temperature (°C)
DSC
Surface oxidation
F2101-01
(Shelf aged 1 year in air)
Bulk oxidation
F2101-01
(Shelf aged 1 year in air)
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GUR 1020

GUR 1050

936±1
22.6±0.4
53.1±4.4
502±24
519±31
0.46
>56
67±1
137.2±0.2
-110
0.0

931±1.2
21.7±0.3
50.8±4.4
426±27
473±34
0.46
>54
66±1
136±0.2
-110
0.0

0.0

0.0

Experimental
Visual and Optical Microscope Examination
The devices were received in the condition as shown in the figure 4.4, the STAR device
showing fractured liner components (two pieces – SP and LP), and the Agility device
showing intact components.

LP

Talar
Tibial

SP

(a)

(b)

Liner

Figure 4.4 Failed devices a) STAR bearing small (SP) and large (LP) components, and b) Agility
components.

Both visual inspection and optical microscopy were performed to identify different types
of damage/failure modes and these observations are summarized in table 4.2.
Table 4.2 Damage type observed in various components during visual inspection and optical microscopy

Device

Component

STAR

Bearing

AGILITY

Tibial
Talar
Bearing

-

Visual/Optical Microscopy observations
Fracture surface
Delamination
Discoloration
Cracks
Pits and scratches
Plastic deformation
Scratches, Bony ingrowth
Scratches, Dents, Bony ingrowth
Scratches, Burnishing

Note: The scratches and dents observed on the surface may have occurred during insertion/removal and
transportation of the device to the laboratories.
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STAR bearing component:
The bearing component has undergone severe plastic deformation near the groove region
and also showed cracks and delamination in several areas. These results are shown in figure
4.5. A few areas near the groove region show yellow discoloration which indicates the
absorption of synovial fluid proteins (Schneider et al., 2003). Microscopic examination of
the external surface of the bearing component showed pits and multi-directional scratches
over much of the surface as shown in the figure 4.6.

Delamination
Plastic deformation

Delamination
Discoloration

Cracks

Fracture surface

Fracture surface

(b)

(a)

Figure 4.5 Fractured bearing components showing a) Discoloration and deformation, b) Cracks and
delamination.

(a)

100 μm

(b)

100 μm

Figure 4.6 Bearing surface showing a) Small pits and b) Scratches.

Agility Tibial and Talar components:
Both tibial and talar components had shown little bony ingrowth on their fixation surfaces
as shown in the figure 4.7. Microscopy observations on corresponding surfaces showed
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penetration of bony tissue into spherical beads as shown in figure 4.8. The articulation
surfaces of talar and tibial components showed dents and scratches as shown in the figure
4.9.
Bony ingrowth

Figure 4.7 Tibial (top surface) and Talar (bottom surface) components showing signs of bony ingrowth.

(a)

100 μm

(b)

Figure 4.8 a) Talar and b) Tibial surfaces showing bony ingrowth.
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100 μm

(a)

100 μm

(b)

100 μm

Figure 4.9 a) Dents and scratches on talar surface and b) Scratches on tibial surface.

Agility bearing component:
The bearing component of Agility device showed burnishing in the middle of the talar
articulation surface as shown in the figure 4.10. The microscopy observations on the
external surface of the bearing component showed scratches and pits all over the surface
as shown in the figure 4.11.

Figure 4.10 Bearing component showing burnishing near talar component articulation region.
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(a)

100 μm

(b)

100 μm

Figure 4.11 Bearing surface showing a) Scratches and b) Small pits.

Characterization
Previous studies have effectively used Fourier Transform Infrared Spectroscopy (FTIR) to
determine the effects of ionizing radiation on UHMWPE. For this study, an FTIR
spectrometer (Nicolet 6700) was used to map the oxidation in the liners by collecting the
spectra with wavenumber ranging from 900 to 3500 cm-1. Before calculating the oxidation
index, the obtained spectral data was normalized and required bands were identified. The
details of various band regions are provided in table 4.3.
Table 4.3 Characteristic IR Absorptions of various functional groups (Williams, 1963), (Silverstein et al.,
2014)

Band region (cm-1)
515 - 1000
1000 - 1400
1400 - 1760

2100 - 3000
3000 - 3640

Description
alkyl halides, alkanes, alkenes, alkynes, aromatics, 1o, 2o
amines, carboxylic acids
alcohols, carboxylic acids, esters, ethers, aromatic amines,
nitro compounds, alkanes
alkanes, aromatics, nitro compounds, aromatics, 1o amines,
alkenes, α, β – unsaturated aldehydes, ketones, saturated
aliphatic, α, β – unsaturated esters, aldehydes, esters, saturated
aliphatic, carboxylic acids, carbonyls
alkynes, nitriles, aldehydes, alkanes, carboxylic acids
Aromatics, alkynes, carboxylic acids, alcohols, phenols, 1o, 2o
amines, amides

The oxidation index (OI) of each sample (STAR and Agility liners) was determined
according to equation 4.1 as shown in the figure 4.12.
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OI =

OA
ON

eq. 4.1

Where, OA is the area under carbonyl vibration (1650 -1850 cm-1), and ON is the area
under 1370 cm-1 vibration.
Studies by Kurtz (2001) and Kurtz (2002) reported variations in reproducibility and
repeatability of oxidation index values when different peak heights were considered. Based
on these observations we also considered 1468 cm-1 and 2022 cm-1 peaks for calculating
oxidation index values. The Zimmer NexGen knee liner made of similar grade UHMWPE
with a real-time shelf aging period of 8 yrs with manufacturer’s packaging was considered
as our control sample for comparison purposes. The obtained OI values at different peaks
for each sample are provided in table 4.4 and the obtained results are within the range (0.64
- 16.09) for failed liner samples.

Figure 4.12 Typical FTIR spectra of oxidized UHMWPE, showing the definition of an area based oxidation
index based on normalization using the 1370 cm-1 peak (ASTM F2102-13).
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Table 4.4 Summary of oxidation index values obtained for different liner samples

Band Region (cm-1)
1370
1468
2022

Oxidation Index (1650 -1850 cm-1)
STAR (SP)
STAR (LP)
Agility
1.53
1.94
2.43
0.64
1.18
1.05
3.37
16.09
4.70

Control
0.52
0.17
1.18

The degree of crystallinity was also determined by using the equation 4.2 and these values
are provided in table 4.5 (Rueda et al., 1978), (Costa et al., 2002). Hardness testing was
also performed on all liners by using a Durometer (ASTM D-2240, Shore D-scale). The
measurements were taken at five different regions on the liner and the average hardness
value obtained for each liner is provided in table 4.5.
% Crystallinity =

A
( 1896 )
A1305

A
( 1896 )+0.25

× 100

eq. 4.2

A1305

Where, A1896 is the absorbance at peak 1896 cm-1 and A1305 is the absorbance at peak 1305
cm-1.
Table 4.5 Summary of crystallinity and hardness values obtained for different liner samples

Liner
STAR (SP)
STAR (LP)
Agility
Control

% Crystallinity
67.10 %
75.49 %
73.68 %
48 %

Hardness (Shore D)
71.0
70.67
67.0
74.5

A study by (Fung, 2015) determined the relationship between ketone oxidation index (1370
cm-1) and ultimate tensile strength for medical grade GUR 1020 material at different
crosslinking doses. By using the data from this study, regression equations were developed
to predict the mechanical properties for the obtained oxidation index values and these
values are provided in table 4.6. Details related to regression plots are provided in the figure
4.13.
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Table 4.6 Ultimate tensile strength values obtained based on oxidation index values at 1370 cm-1

Crosslinking
dose (kGy)
50
75
100
Average
(for comparison)

Ultimate Tensile Strength (MPa)
STAR (SP)
STAR (LP)
AGILITY
26.8
26.9
14.2
27.4
27.8
15.5
26.2
27.9
27.8
27.2
19.2

Control
36.0
37.1
41.0
38.0

Fractography
Confocal microscopy (Olympus FV1000) was used to conduct fractography analysis on
the bearing components for both the failed devices. Two laser types (Fluorescein
isothiocyanate (FITC) – 488 nm and 4', 6-diamidino-2-phenylindole (DAPI) – 405 nm)
were used to identify different failure modes in various regions of the failed devices and
corresponding results are provided in table 4.7.
Table 4.7 Damage/Failure modes observed on failed devices

Device
STAR

Agility

-

Damage/Failure mode
Plastic Deformation
Ripples
Shear bands
Adhesive, Abrasive wear
Craters
Delamination
Shear bands, Wear particles, Abrasive wear
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Figure 4.13 Predicted Ultimate strength data based on Ketone oxidation index at different radiation doses.
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STAR bearing component:
The articulation (groove region) surface of the bearing component has undergone severe
delamination and corresponding microscopy images are shown in figure 4.14. To
understand the failure mechanism, the surface surrounding the fracture region was
analyzed. Shear bands were observed surrounding the fracture surface as shown in the
figure 4.15. Ripples (with a spacing of 2 μm) associated with fatigue process due to the
accumulation of plastic strain can be observed in these regions in figure 4.15. A few areas
of the surface showed adhesive wear (see figure 4.15). In addition to the adhesive wear,
wear tracks were formed due to abrasive wear as shown in figure 4.16. Small craters of
depth approximately (~0.62µm) were also observed on the articular surface and
delamination was consistent across the liner surface as shown in figure 4.17. The aspect
ratio (pit depth/pit width) of the formed crater is about 0.01. Surface roughness was
calculated by using ImageJ software which utilizes complex wavelet-based algorithm
(Forster et al., 2004), (Chinga et al., 2007). Roughness parameters were taken at different
locations on the liner and these values are provided in table 4.8. Similar to oxidation index
values, the LP component shows higher roughness values than the SP component.
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Delamination
Delamination

Fibrils

(a)

50 μm

(b)

50 μm

Figure 4.14 Bearing surface showing a) Delamination and fibrils b) Severe delamination.

Delamination

Ripples

Shear bands

(a)

50 μm

(b)

Figure 4.15 Bearing surface showing a) Shear bands and delamination b) Ripples.
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20 μm

Ploughing marks

Scratches

Adhesive wear

(a)

10 μm

50 μm

(b)

Figure 4.16 Bearing surface showing a) Adhesive wear b) grooves due to ploughing.

Crater

Delamination

(a)

50 μm

(b)

50 μm

Figure 4.17 Bearing surface showing a) Crater b) Delamination.

Using ImageJ, 3D model was constructed to observe damage modes at surface and
subsurface level. 3D models of STAR liner showing shear bands and delamination in figure
4.18 and sub-surface embrittlement (banding) in figure 4.19.
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Shear bands

Delamination

Figure 4.18 Shear bands and delamination in STAR liner.

Embrittlement

Figure 4.19 Sub-surface embrittlement in STAR liner

Agility bearing component:
On the articulation surface of the bearing component, UHMWPE particles and shear bands
were observed as shown in the figure 4.20. These UHMWPE particles are resultant of
crosslinking process and the size of these particles depends on applied radiation dose (Ries
et al., 2001). Surface roughness was measured for the bearing component by using ImageJ
software and these values are provided in table 4.8.
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UHMWPE particles

Shear bands

20 μm
Figure 4.20 Shear bands and wear particles on the articulation side of the liner

Confocal microscopy imaging acquired on the articulation side of the liner component was
used to construct 3D model as shown in the figure 4.21. Multidirectional scratches, wear
particles and Abrasive wear were observed at the surface level.

Ploughing

Scratches

Figure 4.21 Damage modes in Agility liner in different views and respective 3D model.
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Table 4.8 Surface roughness parameters obtained for different liners

Device
STAR
AGILITY

SP
LP

Roughness parameters
Rq (μm)
Rsk
1.60
0.12
8.15
0.37
1.24
0.05

Ra (μm)
1.22
6.21
1.02

Rku
-0.30
0.23
0.01

*note: Ra – Arithmetic average, Rq – Root mean square, Rsk – Skewness and Rku- Kurtosis

Discussion
In this study, nondestructive, qualitative, and quantitative methods were considered for
conducting failure analysis. Initial findings were obtained by conducting visual/optical
microscopy analysis. Microscopic analysis of liner surfaces showed scratches and other
forms of wear on the surface that may have occurred during implantation/removal of these
devices. The groove region of the STAR liner which articulates with the ridge/condylar
part of the talar component was completely deformed plastically and fractured into two
pieces (figures 4.4 and 4.5). These results show that the region was exposed to very high
stresses. The Agility device shows bony ingrowth in very few regions (figure 4.7) and the
liner component is intact showing burnishing on the articulation side (figure 4.10).
Burnishing produces wear debris which could result in aseptic loosening of the implant by
causing osteolysis (Kurtz, 2009).
It is very important to determine the oxidation index of the liners, since many studies
showed oxidation of UHMWPE leads to embrittlement, thereby generating wear debris
(Mounib et al., 1999). In this study, the results from the FTIR analysis confirm that the
liners experienced oxidation degradation and the obtained oxidation index values for
different liners showed significant differences. The STAR (LP) component has undergone
higher oxidation than the STAR (SP) component, and control liner shows oxidation values
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less than others. In contrast, the Agility liner which is intact shows higher oxidation index
values when compared with other liners. Significant variation was observed between the
oxidation index values when different reference peaks were considered. Oxidation index
values calculated by using the 1468 cm-1 peak were small when compared with values
obtained for other peaks. Few studies have shown that the 2022 cm-1 peak is consistent
with the 1370 cm-1 peak for measuring oxidation index after accelerated aging (Kurtz et
al., 2002). Due to the very small area under the 2022 cm-1 peak, the oxidation index values
are very high for some liners and no study reported a minimum area to consider for each
zone for calculating the oxidation index. This results in inconsistent oxidation values when
different peaks were considered. From the results, we can observe that both the oxidation
index and crystallinity varied across the STAR liner components. This shows that material
properties vary across the same liner component. The obtained hardness values in table 4.5
indicate that all the liners conformed to ASTM D-2240 standard. Except for the control
liner, the crystallinity indices for other liners are in accordance with ASTM D-3417
standard. Correlating oxidation index values to the ultimate tensile strength properties
provides an overview of change in material strength properties. Based on the predicted
values we can observe significant differences between the radiation doses. A radiation dose
of 100 kGy showed significant difference in tensile strength properties when compared
with other radiation doses at very low and high oxidation index values. No significant
difference was observed between the radiation doses for oxidation index values around 1.5
- 2. This shows that in case of material irradiated with 100 kGy, material strength
deteriorates very slowly during the initial and final stages. Unlike 100 kGy, both 50 kGy
and 75 kGy radiation doses show significant reduction in material properties with increase
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in oxidation index values at all levels and similar observations were reported in other
studies as well. Based on predicted values in table 4.6 and comparing them with values in
table 4.1, we can observe there is a significant reduction in ultimate tensile strength values
due to oxidation from 53.1 MPa to 27.2, 19.2, and 38.0 MPa for the STAR, Agility and
control liners respectively. The values obtained for Agility are well below the yield strength
values provided in table 4.1 which could result in plasticity based on loads acting on the
device, but the liner is intact and does not show plasticity. This might be due to a lesser
amount of load acting on the ankle joint than in normal conditions or due to a different
material. The manufacturing techniques involved and the actual material grades of the
liners used in respective devices are unknown.
In-depth fractography analysis was performed using confocal microscopy. Severe
delamination and plastic deformation were observed in the groove region of the liner
(figure 4.14) which makes it harder to interpret/identify the crack origin and growth
mechanism. From patient demography, it appears that obesity may have resulted in higher
loads acting on the joint. Many studies have highlighted high patient weight as a major risk
factor for implant fatigue failure (Craik et al., 2016). In addition to higher stresses acting
on the liner, the reduced mechanical properties due to oxidation results in fatigue wear
modes (delamination and cracking) (Burnett et al., 2007). Fatigue wear consists of both
surface and subsurface fatigue. Delamination reduces the conformity between the surfaces
forming articulation thereby causing changes in the loading pattern, ultimately resulting in
failure of the bearing component (Bellmans et al., 2005). The subsurface fatigue can be
affected by oxidation, defects in the material and misalignment of implants
(Ramachandran, 2006). Areas surrounding the groove region showed surface ripples that
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are associated with the micro-fatigue process (figure 4.15) and these observations are
consistent with other failure studies (Wang et al., 1997), (Shi et al., 2000). Based on the
observed failure modes and predicted tensile strength values, we can understand that the
STAR liner has reduced strength due to oxidation and it was exposed to a repeated loading
phenomenon resulting in stress-induced fatigue.
Articulating surfaces on the lateral and medial side of the liner component show
abrasion/adhesive wear and delamination in very few regions (figures 4.16 and 4.17).
Abrasive wear can be characterized by ploughing marks (figure 4.16) and it occurs when
the soft-liner material slides over the hard metal surface. This type of wear can be caused
by harder metal asperities or third-body wear particles generated from bone cement. Since
STAR is an un-cemented prosthesis, third body wear mechanisms are not possible.
Abrasive wear is commonly seen in cases where the prosthesis undergoes edge loading
(Munzinger et al., 2004). When compared with other lower limb joints, the ankle joint
experiences higher contact stresses during gait and most of the load acts on condyle edges
(Michael et al., 2008). In this case we have seen less abrasive wear and the articulation
surfaces where most of the edge loading takes place showing minimal damage when
compared with other bearing regions, which proves that abrasive wear is not a major factor
for failure of the device. Adhesive wear occurs when the bonding strength of the contact
exceeds the inherent strength of either of the materials in contact (Madihally, 2010). This
causes the UHMWPE material to adhere to Co-Cr surface resulting in loss of material on
the liner surface (figure 4.16). This can be due to two reasons: 1) due to roughened Co-Cr
surface from abrasion which provides a base for the adherence of UHMWPE film and 2)
oxidation resulting in weaker material due to reduced strength compared to Co-Cr
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(Hamelynck et al., 2013). Microfibrils (figure 4.14) are generated due to micro-adhesive
wear, where shear stress acting in multiple directions under sliding contact causes intermolecular splitting in a highly stretched and oriented surface (Gsell et al., 1998). Presence
of shear bands, and delamination in figures 4.15 and 4.18 shows that the material has
experienced higher shear stress due to surface traction. Pits observed in these regions
(figure 4.17) showed an aspect ratio of 0.01 which is very small compared to aspect ratio
0.75 required for a pit to transition to a crack (Goswami et al., 1995), (Goswami et al.,
1999).
During ankle joint motion, both the groove region and articulation surfaces on the medial
and lateral side of the groove slide over the talar component. If we consider fatigue as
primary reason for failure of the STAR liner then we need to observe ripples all over the
articulation surface of the liner. In this case, however, we observed these features only near
the groove region (articular region that mounts on ridge of talar component). Similarly, we
can observe severe delamination and plastic deformation only in the groove region but not
on the other articulation surfaces. From the patient’s demographic data, we can observe
that the foot was mal-aligned that could result in uneven loading on the implant
components. Nearly 30-40% of patients undergoing ankle replacement surgery show a preoperative coronal deformity of at least 10 degrees (Trincat et al., 2012). Coronal deformity
of greater than 5 degrees generates contact pressure twice the magnitude of the pressure
observed under normal conditions (Espinosa et al., 2010). With an increase in the version
angle, there is a significant increase in the contact pressure between the implant
components. Based on these observations, the liner of the STAR device might have failed
due to excessive torsion generated at the ankle joint but not in other movements. In the case
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of flexion motion, the groove region along with the surrounding articulation surfaces slide
over the ridge and respective regions of the talar component. If we consider flexion motion
(occurs in sagittal plane) as a reason for failure, then we need to observe severe plastic
deformation in anterior-posterior regions of the groove but not on medial-lateral sides. But
in this case, we can observe severe deformation took place on the medial-lateral sides of
groove region of the liner (figures 4.4 and 4.5) of the liner where internal/external rotation
(axial plane) and inversion/eversion (coronal plane) movements happen. The ridge present
on the talar component that articulates with the groove of the liner acts as a condyle, which
constrains the excessive internal/external rotation and eversion/inversion motions that
occurs during torsion.
Therefore, there is higher torsion load acting on the ankle joint at the groove region
resulting in higher shear and compressive stresses than other articulating regions. This may
have caused conjoint bending and torsion fatigue resulting in the generation of slip bands,
a type I type of fatigue failure mechanism. These mechanisms further lead to delamination
and sub-micron cracking observed in this study (Shi et al., 2010). A similar kind of liner
failure was reported by (Laflamme, 2012) in patients with larger talar components where
higher loads are transferred to the surface of polyethylene when compared with normal
size. Additionally, a majority of them showed a preoperative coronal alignment of more
than 15o but no significant difference was observed in the alignment in the sagittal plane.
Goswami (2016) reported intramedullary nail failure due to improper screw placement
resulting in higher torsion load at the ankle joint. Higher surface roughness values were
obtained for the STAR LP component when compared with other liners. This is due to
roughness measurements taken in severely deformed regions of the liner component. Based
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on obtained results (including oxidation index values and crystallinity values), we can
observe that the LP component has poor mechanical properties compared with the SP
component. Additionally, the LP component has shown severe sub-surface embrittlement
(figure 4.19) due to oxidation. We could not find critical data for this study that could be
useful for a more detailed investigation, such as body weight, gait profile, and patient’s
radiographs which can be used for evaluating the implant placement/alignment during
surgery due to regulatory guidelines.
The Agility device was retrieved intact and it does not show mechanical failure. Since the
device was in in vivo for 6 years, we can observe some damage due to exposure in the form
of burnishing, wear particles, shear bands and scratches. The wear particles (figure 4.20)
observed were resulted from adhesive wear or due to the crosslinking methods adopted.
Since the device is under constant compression loading, we can observe shear bands (figure
4.20) due to shear strain that occurs during the sliding motion. From the case study details,
we can observe appearance of radiolucent lines near the fibula (i.e. on the lateral margin)
which characterizes loosening of one of the components. However, radiolucent lines are
not a sign of imminent loosening (Rosenberg et al., 2015). From the case report we can
observe that lucency was observed between the fibula and prosthesis. This phenomenon is
called ‘ballooning lysis’ which usually occurs due to delayed union or non-union of
syndesmosis (Pyevich et al., 1998). Several studies showed ballooning lysis as a reason for
failure of the Agility device (Jung et al., 2004). Knecht (2004) showed ‘expansile’ bone
loss in addition to ballooning lysis that occurs at later stage anywhere around the implant.
This mode of bone loss is mainly due to wear particles generated from the liner resulting
in inflammatory reactions. Based on the optical microscopy results we can observe that the
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bony ingrowth occurred only in a few regions of both the tibial and talar surfaces but not
on the entire surface, which shows there is a lack of proper bony ingrowth. In addition to
weight-bearing stresses that contribute to bony ingrowth, and for having best fixation, a
prosthetic design must eliminate higher tensile and shear loads at the interface (An et al.,
1999). In this case we observed shear bands (figure 4.20) because of higher shear forces
acting on the joint which could delay the bony ingrowth leading to a lack of proper fixation.
This resulted in premature failure of the device by loosening caused by higher shear loads
and adhesive wear debris generated from the liner. While the device was mechanically
intact, it failed clinically due to biological factors involving antibody reactions to wear
particles, an infection resulting in device rejection. These observations are consistent with
other studies where similar devices have failed clinically but were mechanically intact
(Varadharajan et al., 2015).
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Chapter 5: Measurement of 3D
Morphological Characteristics of Ankle
Joint
Introduction
Over the past 15 years, total ankle arthroplasty has emerged as an alternative to ankle
arthrodesis (Elliot et al., 2014). When compared to total hip and knee arthroplasty results,
the long-term outcomes of total ankle arthroplasty are unsatisfactory (Michael et al., 2008),
(Gundapaneni et al., 2015). The current failure rate of ankle replacement devices is about
10-12% over a period of 5 years. The major complications like infection and component
loosening are associated with the failure of these devices (Gougoulias et al., 2010). Due to
unsatisfactory prosthesis design, the clinical results are disappointing for current
generation devices (Stagni et al., 2005). Morphology of the bones plays a crucial role in
the clinical success of relevant joint arthroplasty (Stagni et al., 2005). Understanding the
ankle joint anatomy, and a morphometric evaluation is essential to design a patient-specific
implant or to derive the best fit size for a patient (Hayes et al., 2006). This helps in
substantially reducing the complications thereby improving the survival rates of these
devices. So a quantitative knowledge of the ankle joint morphology is crucial (Kuo et al.,
2014).
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Passive joint kinematics is a result of complex interaction between the articulation surfaces
and ligament constraints (Siegler et al., 2013). During stance phase of the gait cycle, most
loading on the joint occur across the articular surfaces, and the stabilization due to
ligaments is minimal (Haraguchi et al., 2009). It is very important to study the trapezium
shape of talocrural joint since the articulating surface of the joint contributes 70% to
anteroposterior stability, 50% to version stability and 30% to rotational stability (Brenner
et al., 2003), (Kakkar et al., 2011), (Mahato et al., 2011), (Kleipool et al., 2010). To design
a prosthesis, thorough knowledge of joint mobility and stability is required in addition to
the geometry of the joint (Leardini et al., 2001). To perform measurements over a large
population, the methods adopted should be consistent and accurate, and the data collected
should be reliable (Stagni et al., 2005). Since errors in the estimation could affect presurgical decision making, which involves appropriate size selection of the implant (Kuo et
al., 2013). The radius of the component smaller than normal could result in a slackening of
ligaments; whereas, a larger component leads to motion constraint (Kuo et al., 2014). It is
crucial to use an appropriate size component to eliminate the risk of edge loading, and for
a better long-term fixation, shape match between the bony surface (after osteotomy) and
the implant surface is necessary (Zhao et al., 2011), (Kuo et al., 2014).
Studies during the early 2000s measured morphological parameters of the ankle complex
using planar radiographs (Fessy et al., 1997), (Stagni et al., 2005). This approach limited
their studies to two-dimensions, thereby estimating the values which are different from true
estimations obtained using 3D data (Hayes et al., 2006). For instance, by using planar
radiographs the wedge shape of the talar dome, which is wider on the anterior side
compared to posterior, cannot be viewed properly, and planar radiography involves more
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uncertainties and errors while acquiring the imaging data (Hayes et al., 2006), (Daud et al.,
2013). Whereas, 3D imaging like CT can be easily reformatted and every feature of the
bone can be visualized (Wiewiorski et al., 2012). To develop TAR devices reasonably, at
least 9 morphological parameters are required, where 3 parameters can only be obtained
using 3D data (Fessy et al., 1997), (Stagni et al., 2005), (Stagni et al., 2004), (Kuo et al.,
2008), (Daud et al., 2013). A study by Rathnayaka (2012) observed an average error of
0.15 mm for CT-based models, and an average error of 0.23 mm for MRI models, when
these models were compared to reference models. But no significant difference was
observed between CT and MRI models. Mora-oka (2007) conducted kinematic analysis by
using CT and MRI models, and reported minimal errors. Therefore, MRI data can be
utilized in addition to CT data to measure morphological parameters to replicate joint
kinematics accurately.
To maintain consistency, techniques which are commonly used in previous studies were
adopted. Unlike previous studies (used CT data), this study utilized CT and MRI data to
analyze the morphology of the ankle joint by developing 3D models. Even though several
studies analyzed 3D morphological parameters in the past, they are limited to very few
variables (Daud et al., 2013), (Siegler et al., 2013), (Hayes et al., 2006), (Wiewiorski et al.,
2012). In this study, a comprehensive approach was taken to measure 40 morphological
parameters for tibia and talus. Based on obtained results, a comparative analysis was
conducted between genders, and acquisition techniques by using different statistical
methods (t-test/Wilcoxon rank sum), and a regression analysis was performed to relate tibia
and talus parameters. We hypothesize that a) a significant difference exists between males
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and females, b) no difference exists between CT and MRI models and c) a significant
relationship exists between tibial and talar parameters.

Methods
Ankle joint data of 22 patients (CT and MRI) taken under passive loading conditions was
considered for this study. Patients with no deformities, contractures, articular degeneration,
or ligament injuries were considered. Patient demographics and protocols used to acquire
the imaging data are provided in table 5.1.
Table 5.1 Demographic data of patients and summary of imaging protocols used for this study

Age
Total (n=22)
Female (n=12)
Male (n=10)
44
41.25
47.3
16.51
19.20
12.77
88
88
58
13
19
13
Imaging Protocols
Technique
Details
 Patient placed at isocenter, ankle positioned at 90
CT
degrees, and tape is used to secure the foot
(General Electric, Optima 660, 64 slice)
 Slice thickness (ST) – 2.5 mm with no skips
General Electric Healthcare, Milwaukee,
 Field of view (FOV) – 16 cm
Wisconsin, USA
 Matrix size – 512x512
 Sagittal and coronal reconstructions - 0.625mm
 With bone and soft tissue windows
 INVIVO/GE 1.5T HD 8ch Foot/Ankle coil is used
to maintain ankle position at 90 degrees
 Matrix size – 256x192
 Number of excitations (NEX) – 2
MRI
 Bandwidth (BW) – 31.25 kHz
1.5 Tesla scanner (General Electric,
 T1 and T2 weighted, fat-saturated, Fast
Optima 450W)
Axial
spin-echo (FSE) sequence
General Electric Healthcare, Milwaukee,
 FOV – 12 cm
Wisconsin, USA
 ST – 3 mm skip 1
 T2 weighted, fat-saturated, FSE
Coronal
sequence
 FOV – 14 cm
 ST – 3 mm skip 1
 T1 weighted (SE), Short tau inversion
Sagittal
recovery (STIR) sequence
 FOV – 14 cm
 ST – 4 mm skip 0.5
Parameters
Mean
SD
Max
Min
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Reference Cardinal System
By using Mimics v.19 (Materialise, Belgium) 3D models were developed from imaging
data, and these models were exported to 3-Matic v.11 software (Materialise, Belgium) to
measure the morphological parameters (Varghese et al., 2011). The cartilage layer was not
modeled for MRI models to maintain uniformity with the CT models. The morphological
parameters measured during this study are provided in table 5.2.
Table 5.2 List of morphological parameters measured in different sections and their definitions (Leumann
et al., 2009), (Wiewiorski et al., 2012), (Kuo et al., 2014)

Variable
Tibia parameters
TiAL
SRTi
TiW
TML
ATMS
Talus parameters
TaAL
SRTa
TaW
TTL
ATTS
TDR
α
β
Rl
Rm

Section

Definition

(medial, middle, lateral)
(medial, middle, lateral)
(anterior, central, posterior)
(medial, lateral)
-

Tibial arc length
Tibial sagittal radius
Tibial width
Tibial mortise length
Angle of tibial mortise shape

(medial, middle, lateral)
(medial, middle, lateral)
(anterior, central, posterior)
(medial, lateral)
(anterior, central, posterior)
(anterior, central, posterior)
(anterior, central, posterior)
(anterior, central, posterior)
(anterior, central, posterior)

Trochlea tali arc length
Trochlea tali radius
Trochlea tali width
Trochlea tali length
Angle of trochlea tali shape
Talus dome ratio
Lateral talar edge angle
Medial talar edge angle
Lateral frontal talar edge radius
Medial frontal talar edge radius

To compare with previous studies, techniques which are commonly used to measure the
morphological parameters were adopted. Initially, a reference cardinal system (consisting
of sagittal, transverse and coronal planes) was defined based on talar anatomical landmarks
(Hayes et al., 2006), (Wiewiorski et al., 2012). For the sagittal plane, the coordinate system
is translated and rotated so that the datum plane transects in the middle of the talar dome
(Wiewiorski et al., 2012). For the transverse plane, the plane is rotated so that its axis is
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parallel to the superior talar surface. The coronal plane is perpendicular to the sagittal plane
and it is rotated to transect the talar dome in the middle as shown in figure 5.1 (Hayes et
al., 2006), (Wiewiorski et al., 2012).

Figure 5.1 The arrangement of reference cardinal system showing sagittal (blue), transverse (red) and
coronal (green) planes.

By using extrema analysis in 3-Matic, maximal points were identified on the articulation
surface of the talus near the condylar region as shown in figure 5.2. On the medial side of
the talus, a datum plane was created parallel to the reference sagittal plane passing through
the maximal point. Similarly, a datum plane was created between the lateral side of the
trochlea tali and the lateral facet, and the plane is rotated to accommodate the lateral
shoulder of the trochlea tali (Siegler et al., 2013). Later, a mid-sagittal (middle) plane was
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created by taking the average of existing datum planes (medial and lateral) as shown in
figure 5.2.

(a)
(b)
Figure 5.2 a) Extrema analysis showing maximal points obtained on the talus articulation surface and b)
defining planes to create medial, middle and lateral sections.

Morphometric Evaluation
By using Boolean operations three sections of the talus (lateral, middle and medial) were
created based on respective planes to measure the morphological parameters. By using the
radius tool in 3-Matic, the sagittal radius of the talus (SRTa) was derived in all three
sections (lateral, middle and medial) by using the 3-point method as shown in figure 5.3.
To obtain trochlea tali arc length (TaAL) in the sagittal plane, the distance between anterior
and posterior points of SRTa was measured as shown in figure 5.3.
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Figure 5.3 Lateral, middle and medial sections of the talus showing corresponding morphological
parameters measured in a sagittal plane.

A talar axis in the coronal plane was derived by connecting the centers of medial and lateral
circles (SRTa) as shown in figure 5.4. A datum plane was created perpendicular to the
transverse plane by using the coronal axis. To create talar dome sections in the coronal
plane, additional datum planes were created by rotating the reference plane as shown in
figure 5.4. A study by Wiewiorski (2012) used 30o to create sections of the talar dome on
the anterior and posterior sides in the coronal plane by using a rotation axis that passes
through the center of the mid-sagittal circle. Whereas, Siegler (2013) created five equally
spaced sections between the anterior and posterior boundaries of trochlea tali surface, by
defining an axis that connects the center of two circles on medial and lateral side in the
coronal plane. In our preliminary analysis, we observed that 30o is not sufficient to
accommodate the surface of the talar dome for some large size models to create sections in
the coronal plane. So, this study used a different increment size (a multiple of 7.5o to create
sections between the two boundaries of the talar dome in the coronal plane) based on the
size of the 3D model.
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0o

30o

- 30o

60o

- 60o

(b)

(a)
o

Figure 5.4 a) Multiple datum planes created showing 30 increments to create sections in the coronal plane,
b) measurement of lateral talar edge radius (Rl), medial talar edge radius (Rm), lateral talar edge angle (α),
medial talar edge angle (β) and talar dome ratio at mid-coronal section.

We created three sections (anterior, central and posterior) of the talus in the coronal plane.
For talar edge angle (α and β), two lines were used on each side (medial and lateral), one
adjusted to the talar dome surface and the other adjusted to the malleous of the talus as
shown in figure 5.4 (Leumann et al., 2009). To measure the talar edge radius (Rl and Rm),
a circle was fitted to the talar edge surface in between the talar edge lines as shown in figure
5.4. To calculate the talus dome ratio (TDR), the distance between the highest points on
medial and lateral sides of the talar edge (b) was measured, and the depth of talar sulcus
(a) was determined by measuring the distance between the line fitted to the talar dome
surface to the deepest point of the sulcus as shown in figure 5.4 (Wiewiorski et al., 2012).
By merging the sagittal and coronal sections, intersection points were derived. Talar width
(TaW) was determined by measuring the distance between the medial and lateral
intersection points as shown in figure 5.5. Trochlea tali length (TTL) was obtained by
measuring the distance between the anterior and posterior intersection points, and the angle
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of trochlea tali shape (ATTS) was obtained by measuring the angle between the medial and
lateral trochlea tali lengths.

Figure 5.5 Talar dome surface showing the parameters measured: Talar width (TaW – anterior, central and
posterior), Trochlea tali length (TTL – medial and lateral), and angle of trochlea tali shape (ATTS).

In order to predict tibia morphological parameters based on obtained values for talus, we
need to establish a significant correlation between them by developing a regression
equation. So, the talus cardinal system was used as a reference in this study to measure the
tibial morphological parameters as shown in figure 5.6. A total of 40 parameters (including
the age of the patient) were considered with 15 main variables for both tibia and talus. JMP
v.11 (SAS Institute, North Carolina, USA) was used to conduct statistical analysis. All
parameters were checked for normality using Shapiro-wilk test (Kuo et al., 2013). A t-test
was used to compare between two gender groups, and between image acquisition methods,
for normally distributed parameters, and Wilcoxon rank sum test was used for other
parameters (Kuo et al., 2014). For normally distributed parameters, Pearson’s correlation
coefficient (r) was used, and for not normal data, Spearman correlation (ρ) was used.
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Matched pairs method was used to compare the difference between the parameters obtained
in different sections for the same variable. Regression analysis was performed to correlate
tibia and talus parameters.

Figure 5.6 Measurement of morphological parameters of the tibia in sagittal and coronal planes.

Results
The sample group consisted of 12 female and 10 male with a mean age of 41.25±19.20 and
47.3±12.77 years, respectively. Due to wider age range (13-88 years) and limited sample
size (n=22), the resultant standard deviation is high. This was also reflected in
morphological parameters obtained for tibia and talus, since the size/shape of the bones
vary from one person to another. A summary of the obtained results is provided in table
5.3. Out of 40, only 12 parameters were found to be not normally distributed (Age –male,
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SRTi –medial and lateral, TaAL –middle, TTL –lateral, α –central, β –posterior, Rl –
anterior and posterior, Rm –anterior and posterior, TDR –posterior). When compared with
females, males showed higher mean values for most of the parameters except the TTL
angle, TDR central and posterior, α central and posterior, and β posterior. Only 13
parameters showed a significant difference between males and females as shown in table
5.3. No significant difference was observed between image acquisition methods (CT and
MRI) for most parameters, except for the talar edge angles (α - posterior, β – anterior and
posterior) and radius values (Rl, Rm – central and posterior).
The tibial sagittal radius (SRTi) averaged 26.46±9.09 mm at the medial section, 26.32±6.67
mm at the middle section, and 25.01±5.37 mm at the lateral section. Similarly, the sagittal
radius of the talus (SRTa) averaged 23.43±6.37 mm at the medial section, 23.17±5.71 mm
at the middle section, and 21.08±4.47 mm at the lateral section. In both cases, the sagittal
radius values of the tibia (SRTi) and talus (SRTa) were decreased linearly from the medial
to lateral section. The tibial width (TiW) averaged 27.44±7.54 mm at the anterior section,
25.46±6.92 mm at the central section, and 23.55±6.89 mm at the posterior section. The
same trend was observed with talar width (TaW) values averaged 27.23±6.36 mm at the
anterior section, 23.95±6.01 mm at the central section, and 21.12±6.08 mm at the posterior
section. In both cases, the tibial (TiW) and talar (TaW) width values decreased linearly
from the anterior to posterior section. The length of tibial mortise (TML) decreased from
the medial (25.05±7.55 mm) to the lateral section (24.40±5.35 mm). Similarly, the length
of trochlea tali (TTL) decreased from the medial (35.12±7.68 mm) to the lateral section
(31.51±7.72 mm). Lateral talar edge radius (Rl) decreased from the anterior (3.31±1.42
mm) to the central (3.07 ±1.58 mm) section, and then it increased to 4.83±2.52 mm at the
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posterior section. Whereas, the medial talar edge radius (Rm) increased from the anterior
(3.86±1.95 mm) to the central (4.60 ±2.81 mm) section, and then it decreased to 3.84±1.73
mm at the posterior section. Both lateral (α) and medial (β) talar edge angles decreased
from the anterior (120.57±18.60 deg, 121.60±24.51 deg) to the central section
(101.47±9.44 deg, 114.41±19.44 deg), and then increased from the central to the posterior
(126.83±20.00 deg, 116.17±20.39 deg) section, respectively. The talar dome ratio (TDR)
decreased from the anterior (0.07±0.04) to the posterior section (0.03±0.03).
TiAL middle showed a significant difference with TiAL medial (p-value - 0.0003) and
TiAL lateral (p-value – 0.011). But no significant difference was observed between lateral
and medial values for TiAL. No significant difference was observed between SRTi values
obtained for different sections. For tibial width (TiW), a significant difference was
observed between the values obtained at the anterior, central and posterior locations (pvalue - <0.01). No difference was observed between the tibial mortise lengths (TML)
obtained at the medial and lateral sections. A significant difference was observed between
the lateral and medial values of TaAL (p-value of 0.003), and lateral and middle values (pvalue of 0.031). But no significant difference was observed between TaAL values obtained
at medial and middle sections. No significant difference between the medial and middle
values was observed for SRTa. But a significant difference between the lateral and medial
(p-value – 0.01), and the lateral and middle was observed (p-value – 0.002) for SRTa. A
significant difference was observed between TaW values obtained at the anterior, central
and posterior sections with a p-value <0.0001, and a significant difference was observed
between the trochlear tali lengths (TTL) obtained at the medial and lateral sections (p-value
of 0.002).
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Table 5.3 Summary of all parameters of the ankle joint derived in sagittal and coronal planes. Parameters TiAL, SRTi, TiW, TaAL, SRTa, TaW, Rl and Rm are in
(mm), and TML, TTL, α and β are in (deg). Values that are significant are marked with an asterisk (*).
Parameter
Age
TiAL medial
TiAL middle
TiAL lateral
SRTi medial
SRTi middle
SRTi lateral
TiW anterior
TiW central
TiW posterior
TML medial
TML lateral
TML angle (ATMS)
TaAL medial
TaAL middle
TaAL lateral
SRTa medial
SRTa middle
SRTa lateral
TaW anterior
TaW central
TaW posterior
TTL medial
TTL lateral
TTL angle (ATTS)
TDR central
α_central
β_central
Rl central
Rm central
TDR anterior
α_anterior
β_anterior
Rl anterior
Rm anterior
TDR posterior
α_posterior
β_posterior
Rl posterior
Rm posterior

All subjects (n = 22)
Mean
SD
44
16.51
23.43
6.20
26.35
6.26
24.39
6.53
26.46
9.09
26.32
6.67
25.01
5.37
27.44
7.54
25.46
6.92
23.55
6.89
25.05
7.55
24.40
5.35
14.14
7.46
32.34
8.14
31.05
9.08
27.73
5.42
23.43
6.37
23.17
5.71
21.08
4.47
27.23
6.36
23.95
6.01
21.12
6.08
35.12
7.68
31.51
7.72
12.03
4.80
0.03
0.01
101.47
9.44
114.41
19.44
3.07
1.58
4.60
2.81
0.07
0.04
120.57
18.60
121.60
24.51
3.31
1.42
3.86
1.95
0.03
0.03
126.83
20.00
116.17
20.39
4.83
2.52
3.84
1.73

Female (n = 12)
Mean
SD
41.25
19.20
21.95
5.71
23.92
5.28
22.85
6.47
24.22
6.95
23.51
5.91
22.83
3.96
24.52
7.52
22.51
5.96
20.71
5.42
22.55
6.37
22.94
5.31
13.80
8.13
29.22
7.27
27.43
7.79
26.83
6.04
21.20
5.79
20.74
4.67
20.00
4.32
24.06
5.69
21.00
5.00
18.47
4.81
33.35
7.16
29.76
9.05
12.12
3.31
0.03
0.01
102.76
9.73
111.79 19.40
3.06
1.63
4.15
2.02
0.07
0.04
116.68 13.95
115.88 27.15
2.97
1.08
3.33
1.14
0.03
0.04
127.60 21.14
116.19 20.05
4.59
2.41
3.55
1.51

Male (n = 10)
Mean
SD
47.3
12.77
25.20
6.59
29.27
6.34
26.24
6.42
29.14
10.92
29.69
6.17
27.62
5.86
30.93
6.22
29.01
6.54
26.96
7.16
28.04
8.06
26.16
5.10
14.55
6.97
36.08
7.84
35.40
8.92
28.80
4.65
26.12
6.25
26.08
5.66
22.38
4.51
31.04
5.04
27.49
5.30
24.31
6.11
37.23
8.11
33.61
5.46
11.92
6.35
0.03
0.02
99.91
9.35
117.56
20.04
3.07
1.60
5.14
3.59
0.07
0.05
125.25
22.91
128.45
20.12
3.72
1.71
4.51
2.53
0.03
0.01
125.91
19.63
116.15
21.89
5.12
2.74
4.20
1.98

t-test
P-value
0.236
0.048*
0.234
0.028*
0.041*
0.026*
0.037*
0.050
0.164
0.819
0.048*
0.399
0.073
0.029*
0.225
0.006*
0.009*
0.025*
0.255
0.931
0.725
0.503
0.990
0.453
0.939
0.318
0.228
0.849
-
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Wilcoxon
P-value
0.120
0.277
0.027*
0.019*
0.044*
0.575
0.199
0.277
0.467
0.921
0.668
0.489

CT (n = 8)
Mean
SD
38.00
23.79
24.94
9.79
28.44
9.85
26.77
9.74
30.99
12.72
28.66
9.96
27.61
7.54
31.57
9.55
28.53
8.59
25.17
8.57
27.18
11.65
24.77
7.85
17.25
7.84
32.63
12.30
34.45
14.31
28.17
7.64
24.50
9.41
24.42
9.05
22.01
7.09
29.13
7.47
25.19
7.03
21.91
6.95
38.56
11.17
34.25
12.22
12.16
2.89
0.04
0.01
97.87
7.34
115.34
14.81
4.05
1.68
6.35
3.11
0.06
0.03
130.29
19.17
137.71
19.66
4.08
2.09
4.80
2.75
0.02
0.01
141.29
13.89
136.77
17.52
7.20
2.20
5.17
2.17

MRI (n = 14)
Mean
SD
47.43
10.04
22.56
2.89
25.16
2.64
23.03
3.50
23.87
5.14
24.98
3.64
23.52
3.08
25.07
5.13
23.71
5.34
22.63
5.89
23.83
3.80
24.19
3.58
12.37
6.88
32.17
5.04
29.10
3.42
27.47
3.97
22.83
4.09
22.46
2.64
20.55
2.08
26.15
5.65
23.24
5.50
20.68
5.75
33.15
4.07
29.94
2.91
11.96
5.72
0.03
0.01
103.53
10.12
113.88
22.17
2.50
1.25
3.60
2.15
0.08
0.05
115.02
16.42
112.39
22.61
2.87
0.57
3.33
1.10
0.03
0.04
118.57
18.44
104.40
9.80
3.47
1.47
3.08
0.76

t-test
P-value
0.521
0.384
0.325
0.343
0.106
0.181
0.473
0.453
0.849
0.165
0.920
0.815
0.644
0.567
0.587
0.347
0.512
0.678
0.223
0.914
0.499
0.855
0.043*
0.048*
0.435
0.081
0.014*
0.004*
-

Wilcoxon
P-value
0.060
0.290
0.290
0.516
0.707
0.183
0.356
0.290
0.918
0.0006*
0.001*
0.030*

A significant difference in talar dome ratios (TDR) was observed between the anterior and
central sections (p-value of <0.01), and between values obtained at the anterior and
posterior sections (p-value of <0.01). But no significant difference was observed between
the values obtained at the central and posterior sections. Significance in the difference
between talar edge angles (α and β), and between the talar edge radius (Rl and Rm) values
obtained at different coronal sections are provided in table 5.4.
Table 5.4 P-values obtained for the difference between talar edge angles and between radius values. Values
that are significant are marked with an asterisk (*).

Talar edge angle (deg)
α anterior
β anterior
α central
β central
α posterior
β posterior

α anterior
0.844
0.001*
0.130
0.263
0.339

β anterior
0.844
0.004*
0.253
0.363
0.253

α central
0.001*
0.004*
0.014*
<0.0001*
0.011*

β central
0.130
0.253
0.014*
0.017*
0.747

α posterior
0.263
0.363
<0.0001*
0.017*
0.032*

β posterior
0.339
0.253
0.011*
0.747
0.032*
-

Talar edge radius (mm)
Rl anterior
Rm anterior
Rl central
Rm central
Rl posterior
Rm posterior

Rl anterior
0.020*
0.466
0.018*
0.006*
0.037*

Rm anterior
0.020*
0.088
0.126
0.043*
0.950

Rl central
0.466
0.088
0.004*
0.003*
0.037*

Rm central
0.018*
0.126
0.004*
0.677
0.109

Rl posterior
0.006*
0.043*
0.003*
0.677
0.024

Rm posterior
0.037*
0.950
0.037*
0.109
0.024
-

Radius values obtained for the tibia (SRTi) and talus (SRTa) in different sections (medial,
middle and lateral) were compared respectively. A significant difference (p-value <0.01)
in these values was observed. Comparison between the tibia (TiAL) and talus (TaAL) arc
lengths for respective sections and also showed a significant difference (p-value <0.0001).
Only posterior tibial width (TiW) showed a significant difference with posterior talar width
(TaW), but no significant difference was observed between the width values obtained in
other sections (anterior and central). In the medial section, tibial mortise length (TML)
showed a significant difference with the trochlea tali length (TTL) with a p-value <0.0001,
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but no significant difference was observed between these values in lateral section. No
significant difference was observed between ATMS and ATTS values. The significance of
the correlation between morphological parameters obtained for tibia and talus are provided
in a color map as shown in figure 5.7.

Figure 5.7 The significance of correlation between morphological parameters (p-values) obtained for tibia
and talus (p=0 (red, <0.05) – evidence that significant correlation exists between variables and p=1 (blue) –
no evidence that significant correlation exists between variables).

Highest correlation with significance was observed for TaW central and TaW anterior (r
=0.97), TaW posterior and TaW central (r =0.96), SRTa middle and SRTi middle (r =0.96),
TiW central and TiW anterior (r =0.95), TiW posterior and TiW central (r =0.94), TTL
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medial and TML medial (r =0.92). Very low correlation was observed for ATMS and TiAL
medial (r =0.0036). A significant negative correlation was observed for ATTS and TaW
posterior (r = -0.76), and β central and ATTS (r = -0.73). Correlation between different
morphological parameters obtained for tibia and talus are provided in a color map as shown
in figure 5.8.

Figure 5.8 Correlations between morphological parameters (r-values) obtained for tibia and talus (r = 1
(red) – positive correlation exists between the variables, r = 0 (green) – no correlation exists between the
variables and r = -1 (blue) – negative correlation exists between the variables).
.
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Bivariate analysis was used to determine the relationship between the tibia and talus
parameters that belong to a similar category (SRTa-SRTi, TaW-TiW, TTL-TML, and
ATTS-ATMS). Linear fit was used to generate regression equations between these
parameters and corresponding details are provided in table 5.5. In all cases, significant
relationship (p-value <0.05) was observed between the tibia and talus parameters.
Significant linear relationship was also observed between other parameters of tibia and
talus (SRTa - TaW, TTL and SRTi – TiW, TML) in all sections, respectively.
Table 5.5 List of equations relating tibial and talar morphological parameters in different sections.

Talus
parameter

Tibia
parameter

SRTa

SRTi

TaW

TiW

TTL
ATMS

TML
ATTS

Section

Equation

P-value

R-Squared

Medial
Middle
Lateral
Anterior
Central
Posterior
Medial
Lateral
-

SRTi = −1.987 + 1.213 × SRTa
SRTi = 0.415 + 1.118 × SRTa
SRTi = 6.348 + 0.885 × SRTa
TiW = 2.259 + 0.925 × TaW
TiW = 3.907 + 0.9 × TaW
TiW = 6.175 + 0.822 × TaW
TML = −6.747 + 0.905 × TTL
TML = 11.433 + 0.411 × TTL
ATMS = 5.337 + 0.731 × ATTS

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0036
0.0269

0.723
0.913
0.540
0.608
0.610
0.525
0.848
0.352
0.222

Discussion
In this study, CT and MRI data were utilized to determine the morphological characteristics
of the ankle joint. Different statistical analyses were performed on the obtained data to
determine differences between males and females, and between CT and MRI models. For
most parameters, males showed higher mean values than females, but very few parameters
showed a significant difference between males and females. Specifically, the tibial (TiW)
and talar width (TaW) values are higher in males than in females across all the sections,
and the difference between the two groups is significant. Similar results were reported by
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Daud (2013) and Stagni (2005), where a significant difference was also observed between
the genders.
The sagittal radius of the talus (SRTa) decreased from the medial to lateral section. But no
significant difference was observed between the mean values obtained in the medial
(23.43±6.37 mm) and middle sections (23.17±5.71 mm), and a significant difference in
mean values was observed between the lateral (21.08±4.47) and medial section. Similar
findings were reported in other studies with SRTa values (medial – 25.7 mm, middle -24.7
mm, lateral-21.7 mm) by Siegler (2013), and with a higher mid-sagittal radius value
compared to medial radius (medial - 20.4 mm, middle - 20.7 mm and lateral - 20.3 mm)
was reported by Wiewiorski (2012). So, based on the obtained results in this study, the
talus can be modeled as a truncated cone with the apex directed towards lateral side.
Therefore, justifying the claims from earlier studies about the varying axis of motion
(Siegler et al., 1988), (Lundberg et al., 1989), (Siegler et al., 2014). The obtained talar
width (TaW) values showed a wider anterior (27.23 mm) compared to the posterior (21.12
mm) section, resulting in the shape of the trochlea tali with an apex oriented posteriorly
(ATTS – 12.03 deg). Similar results were reported in previous studies with anterior TaW
(range 27-30 mm), posterior TaW (range 21-25 mm), and ATTS (9-12 deg) (Hayes et al.,
2006), (Daud et al., 2013), (Siegler et al., 2013). These values support that the cardinal
system used to measure morphological parameters was successfully implemented, thereby
eliminating variability between the studies.
A study by (Wiewiorski et al., 2012) observed a significant difference in talar dome ratios
(TDR) between the anterior and posterior sections, but not between the anterior and central
sections, and also reported a higher dome ratios compared to values obtained in this study.
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Riede (1971) observed a higher dome ratio in the younger population (range 0.06-0.08)
compared to older population (range 0.02-0.04). From tables 5.1 and 5.3, we can observe
that the mean age of the subjects was 44 years which is above the age of younger generation
(18-35) years, thereby showing lower TDR values in the central (0.03) and posterior (0.03)
sections and a mean TDR value of 0.04, considering an average of all the sections. In this
study, we observed a higher mean value for the medial talar edge radius (Rm – 4.1 mm)
compared to mean lateral talar edge radius (Rl – 4.1 mm). A significant difference between
the talar edge angles (α and β) was observed in most of the sections. The mean talar edge
angles (α – 116.29 deg and β – 117.39 deg) obtained in this study were higher compared
to previous studies, and a minimal difference was observed between the mean edge angles.
Previous studies showed a lateral edge angle (range 88-93 deg) and medial edge angle
(range 105-113 deg) for the talus (Leumann et al., 2009). This can be explained by 2D
imaging data used in these studies to measure the morphological parameters. But we also
observed a significant difference between the acquisition methods (CT and MRI) for talar
edge angles (α and β) and talar edge radius (Rl and Rm) values. This may be due to magnetic
field distortion by cortical bone in surrounding tissues thereby generating geometric
distortion at the interface, resulting in minor artefacts (bad edges) that might have occurred
during segmentation of the bone from the surrounding soft tissue (cartilage) (Moro-oka et
al., 2007).
Similar trend was observed in case of tibial sagittal radius (SRTi) values, where there is a
decrease in values from the medial (26.46 mm) to lateral section (25.01 mm), and similar
values (range 26 -29 mm) were reported in previous studies (Kuo et al., 2013), (Kuo et al.,
2014). In case of TiW, higher values (range 31-33 mm) were observed by Stagni (2005)
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and Kuo (2013) when compared to the values obtained in this study (range 23-27 mm),
across all the sections. Like talar width (TaW), the tibial width (TiW) values decreased
from the anterior to posterior section, resembling the trochlea tali shape (ATMS – 14.14
deg), but with an angle greater than ATTS. Compared to the mortise lengths (TML), the
trochlea lengths (TTL) are higher in both the medial (TML - 25.05 mm, TTL – 35.12 mm)
and lateral sections (TML - 24.40 mm, TTL – 31.51 mm). Therefore, confirming that the
surface area of trochlea tali is greater than the surface area of the tibial mortise.
Size comparisons were made between the obtained morphological parameters and existing
TAR devices (STAR, Buechel-Pappas (BP), TNK, BOX, Agility and WSU). Only a few
sizes of BP and TNK were within the interquartile range (IQR) of obtained parameters, and
the devices like STAR and Agility showed out of range values for few parameters. From
the figure 5.9, we can observe that most of these devices fit only to a very limited group of
people and most of them showed values out of IQR for the tibial component parameters
(TML, TiW posterior). The dimensions of WSU TARs are out of IQR, except for anterior
width values (TiW and TaW). The sagittal radius (SRTa) of these devices is out of range
due to presence of condyles, otherwise the radius of the articulation surface is 24.5 mm,
which lies within the IQR. These values show that the size of these devices is larger than
the size required to fit 50 percent of the people in this study. When compared with other
variables, tibial (TiW) and talar width (TaW), and sagittal radius of tibia (SRTi) and talus
(SRTa) showed higher correlation coefficients, and a significant relationship between them
(p-value <0.05). This helps in predicting the morphological parameters of tibia based on
talus dimensions, and vice versa.
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Figure 5.9 Comparison between available sizes of different TARs with morphological parameters obtained
(Stagni et al., 2005), (Daud et al., 2013).

When compared with previous studies, the number of specimens (n=22) analyzed in this
study was limited, and with a wide age range (13-88 years). This study did not consider
height and body weight data, but studies showed that these parameters have small effects
on ankle morphology (Blais et al., 1956), and some studies showed no correlation between
majority of morphological parameters with the patient’s body height (Stagni et al., 2005),
(Kuo et al., 2014). Even though the reference cardinal system was defined based on
previous studies, it is subjective and could lead to minimal changes thereby affecting
reproducibility (Hayes et al., 2006). In this study, the measurements were performed by
one individual therefore, the inter-observer reliability could not be evaluated. The coronal
plane axis is defined using centers of medial and lateral sagittal radius, by excluding the
center of mid-sagittal (middle) radius, thereby affecting the morphological measurements
derived in the coronal plane.
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Chapter 6: Simulation of Passive Ankle
Joint Kinematics
Introduction
Many clinical studies have highlighted the poor performance of total ankle replacement
(TAR) devices based on mid-term and long-term outcomes (Michael et al., 2008). The lack
of proper replication of joint function, and inability to restore the stabilizing role of the
ligaments, lead to earlier failure of TAR devices (Michael et al., 2008). Ankle stability is a
function of both extrinsic and intrinsic elements such as ligaments and geometry of the
articulating surfaces (Watanabe et al., 2012). Any change in the original joint assembly, or
damage to these elements, results in abnormal kinematics. Even though several studies
highlighted the role of these structures in the ankle joint motion, still the individual and
interaction effects of these structures on joint motion is not fully understood (Cass et al.,
1984), (Rosenbaum et al., 1998), (Michael et al., 2008), (Conconi et al., 2015). Kinematics
of the replaced joint plays an important role in significantly affecting the mobility and
stability of the joint. In addition to providing stability by constraining the excessive joint
motion, implant components should also replicate the functional range of motion (Reggiani
et al., 2006). The mismatch between implant design and required motion generate higher
contact stresses at the implant-bone interface, resulting in wear, and thereby causing
premature failure of the implant (Elliot et al., 2014), (Gundapaneni et al., 2015). Accurate
reconstruction of bone positions and related articular surfaces is required to properly
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determine the pattern of contact between tibial mortise and trochlea tali (Leardini et al.,
1999). Developing a novel TAR requires a need to focus on the ligaments and articular
surfaces that constitute the ankle joint. By capturing/recording joint motion under unloaded
conditions shows anatomical structures and how they articulate, and several studies
demonstrated the importance of studying joint motion in unloaded conditions (Leardini et
al., 2001), (Goodfellow et al., 2002), (Di Gregorio et al., 2004), (Baldisserri et al., 2010).
During joint replacement, the surgeons assess the restoration of joint mobility (ROM)
under minimal load by using a trial prosthesis (Leardini et al., 1999). Therefore, the
primary rule to understand joint kinematics is to study the intact joint motion under
unloaded conditions.
Application of geometric models to replicate joint motion has been studied over the past
several years. Study by O’connor (1989) demonstrated the relationship between geometry
of the cruciate ligaments and the geometry of the articular surfaces by applying a four-bar
linkage mechanism. This model was later expanded to ankle joint by Leardini (1999).
Geometry models applied previously in various joint motion studies limit their study to 2D
(Radcliff et al., 1994), (Leardini et al., 1999). These studies did not consider varying radius
of curvature for tibial mortise and talar trochlea from medial to lateral side, resulting in a
very simple representation of the complex articulation process which happens during joint
motion (Hintermann, 2005). Sancisi (2014) applied one-degree-of-freedom (1DoF)
spherical parallel mechanism to model the joint motion under passive conditions, and a
more recent study by Forlani (2015) simulated ankle joint motion by applying a higher
order spatial mechanism under loaded and unloaded conditions. Even though both studies
well demonstrated the ankle joint motion under different loading conditions, these models
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failed to predict anatomical contact areas and joint motion over the full flexion arc (Sancisi
et al., 2014), (Forlani et al., 2015). Taking shape of articular surfaces into consideration,
Conconi (2015) predicted the passive motion of the ankle joint by maximizing the joint
congruency. This method only determines the adapted space of motion, which is a subset
of several possible joint configurations and it also requires intact joint conditions for
patient-specific modeling. However, these conditions are not seen in the majority of
patients with ankle arthritis, thereby limiting to fewer subjects (Saltzman et al., 2005).
Utilizing imaging data to understand ankle joint biomechanics has been well reported (de
Asla et al., 2006), (Sheehan, 2010). Moro-oka (2007) compared the kinematic differences
that were observed in the knee joint by using MRI/CT bone models with in-vivo results.
Minimal difference in the results was reported for CT (MRI) models with an average RMS
error of 0.53 (0.74) mm in sagittal plane translation, 1.6 (2.0) mm during mediolateral
translations and 0.54o (1.4o) during rotations when compared with kinematic results
obtained during a squat activity (Mora-oka et al., 2007). In majority cases, patients
suffering with ankle arthritis or undergoing TAR show severe articulation
degeneration/damage, ligament injuries and fractures near the joint (Saltzman et al., 2005).
So, it is necessary to consider both ligaments and articulating structures while developing
a geometric model using normal patient data for subject-specific applications. Using
passive imaging data, under static and unloaded conditions that involve no muscular
activity, previous kinematic studies related relative articulation between the bones or
predicted joint motion, but no data is available correlating articular contact of imaging data
to that of a kinematic model which includes ligamentous structures (Yamaguchi et al.,
2009), (Bae et al., 2015). To model a ligament compatible TAR device, it is very important
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to derive articular surface geometry (Leadini et al., 2001). So, by relating these structures
one can be able to predict the articular contact geometry based on ligament parameters, and
vice versa. Therefore, the objective of this research was to correlate articular contact (radius
of curvature) with the ligament structures (ligament lengths) via this study. Passive
conditions allow the ligaments considered to be links of four-bar mechanism in unloaded
conditions, and thereby act as rigid bodies of the system. CT/MRI data of four subjects
taken under unloaded conditions was used. An attempt was made to derive a mathematical
relationship (regression/prediction equation) by relating ligament length with the radius of
curvature of the tibia and talus, and we hypothesize that a significant relationship exists
between these parameters. We derived radius of curvature values, ligament lengths, and
formulated a four-bar kinematic mechanism for TAR.

Methods
Four bar linkage mechanism
Many studies have considered applying different linkage mechanisms to replicate joint
kinematics using fewer movable joints. Four bar linkage (FBL) mechanism was widely
applied to develop both prosthetics (especially knee and foot) and other joint replacement
devices. FBL mechanism consists of four bars (crank, rocker, coupler and ground links)
with different lengths as shown in the figure 6.1. The behavior of linkage assembly depends
on the relative lengths of the bars and the entire assembly is driven by rotary motion (Gans,
2013). The motion in the FBL is described by Grashof’s law which states the sum of the
shortest and longest link lengths must be less than or equal to the sum of the remaining two
link lengths (Grashof, 1890). To verify our hypothesis, a FBL mechanism was constructed
using passive imaging data.
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Figure 6.1 Schematic illustration of typical four-bar linkage mechanism

3D Modeling and Assembly
CT and MRI data of four subjects (3 female, 1 male) with mean age of 52 (range 19-88 and
SD = 28.37) years old was considered for this study under passive conditions, under static
and unloaded conditions that involve no muscular activity. For both CT and MRI, the
imaging was carried out in such a way that the subject feet were placed in supine position
first, and 90 degrees to the lower leg, and respective imaging protocols are provided in
table 6.1. The CT data of respective subjects was used to construct 3D solid models using
the imaging software Mimics (Version 13.1 & 14, Materialise, Belgium) (Varghese et al.,
2011). Calcaneofibular ligament (CaFiL) and tibiocalcaneal ligament (TiCaL) significantly
contribute to passive motion of the ankle joint in the sagittal plane (Leardini et al., 1998),
(Leardini et al., 1999). Leardini (1998) observed isometric pattern of rotation for CaFiL
and the TiCaL during PF/DF, and they assumed these ligaments as inextensible and able
to rotate in sagittal plane with no resistance like pin joints in their 2D geometric model
(Leardini et al., 1999). In this study, the ligament origin and insertion sites were localized
by MRI examination. TiCaL and CaFiL sites were marked by the radiologist. These
markings were then used to measure length of the corresponding ligaments. The markings
(origin and end/insertion points) of each ligament in sagittal plane, and length of the
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ligaments were used for constructing the FBL mechanism. These models were then
exported as stereolithography (STL) files. Before exporting these models, the coordinates
of origin and end points of the ligaments are derived in 3-Matic software and clipping was
used to transfer the 3D models with reference anatomical planes. CAD modeling software
Solidworks 2013-2014 (Dassault systems Solidworks Corp, Massachusetts, USA) was
used to construct the FBL by importing the 3D mesh models from 3-Matic (Mimics
Version 13.1 & 14, Materialise, Belgium).
Table 6.1 Summary of imaging protocols used in acquiring the patient data

Imaging Technique

Protocol
Patient placed at isocenter, ankle positioned at
CT
90 degrees, and tape is used to secure the foot
(General Electric, Optima 660, 64 slice)
 Slice thickness (ST) – 2.5 mm with no skips
General Electric Healthcare,
 Field of view (FOV) – 16 cm
Milwaukee, Wisconsin, USA
 Matrix size – 512x512
 Sagittal and coronal reconstructions - 0.625mm
 With bone and soft tissue windows
 INVIVO/GE 1.5T HD 8ch Foot/Ankle coil is
used to maintain ankle position at 90 degrees
 Matrix size – 256x192
 Number of excitations (NEX) – 2
MRI
 Bandwidth (BW) – 31.25 kHz
1.5 Tesla scanner (General Electric,
 T1 and T2 weighted, fat-saturated,
Optima 450W)
Axial
Fast spin-echo (FSE) sequence
General Electric Healthcare,
 FOV – 12 cm
Milwaukee, Wisconsin, USA
 ST – 3 mm skip 1
 T2 weighted, fat-saturated, FSE
Coronal
sequence
 FOV – 14 cm
 ST – 3 mm skip 1
 T1 weighted (SE), Short tau
Sagittal
inversion recovery (STIR) sequence
 FOV – 14 cm
 ST – 4 mm skip 0.5


A FBL model was applied at the articulation of the Talocrural joint in neutral position
involving tibia, fibula, talus and calcaneus. Since the relative motion between tibia and
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fibula, and between talus and calcaneus was negligible under passive conditions when
compared to talocrural joint motion, in this study both the talus and calcaneus (TaCa) were
considered as a single rigid component, and the tibia and fibula (TiFi) were considered as
another rigid component (Leardini et al., 1999), (Di Gregorio et al., 2004), (Sancisi et al.,
2014). By using derived coordinates, ligament length data was obtained and individual
ligament links were constructed in Solidworks as straight slots using two endpoints and
with a thickness of 1.5 mm. To mount these ligament links on bony segments, cylindrical
pivots were constructed on the bony segments at the origin and end points of each ligament
with a diameter of 2.5 mm and with an axis perpendicular to the sagittal plane. Finally,
bony segments with pivots were assembled with ligament links using mating tools in
Solidworks to construct FBL mechanism, as shown in the figure 6.2. Mechanical mating
constraints (concentric and coincident) were applied between the pivot mounts and the
ligament links.
The FBL mechanism shown in the figure 6.2 consists of ground (r1 - connecting link 1),
rocker (r2 - CaFiL), coupler (r3 – connecting link 2) and crank link (r4 - TiCaL). Changes
in the angle of rotation between the ligaments represent dorsiflexion (DF) and plantar
flexion (PF) movements of the ankle. The orientation angles (θ1, θ2, θ3 and θ4) of the
ligaments and the relationships between them depend on the length of the ligaments and
the applied rotation angle (θr). The measurements related to length of the ligaments and
applied rotation angle in four models (M1, M2, M3 and M4) are provided in table 6.2.
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(b)

(c)
Figure 6.2 3D four bar linkage model showing a) ligament links mounted on pivots at two origin points (B,D)
and two insertion points (A,C), and coordinate systems applied at point A - tibia/fibula reference system (x, y)
and at point B - talus/calcaneus relative system (x', y'). The four links in the assembly are ground (r1 - connecting
link1 mounted at D,A), rocker (r2 – CaFiL mounted at B,A), coupler (r3 - connecting link2 mounted at B,C)
and crank link (r4 – TiCaL mounted at D,C), b) the articulating surfaces of tibial mortise (in red) and talar
trochlea (in blue) and c) comparing the difference in radius of curvature of talar dome in medial (in yellow) and
lateral (in green) planes (for comparison purpose, the radii are not drawn to scale).
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In the case of models M1 and M2, the sum of the shortest and longest link lengths is less
than the sum of the other two link lengths. In both models, r1 is the shortest link. Unlike in
models M1 and M2, this sum is greater than the sum of other two link lengths for models
M3 and M4, with CaFiL as the shortest link. But in all models r3 is the longest link. The
corresponding surfaces of talar dome and tibial mortise were obtained by selecting nodes
manually belonging to respective articulation surfaces of talus and tibia in the 3D model as
shown in figure 6.2b. Coordinates (x, y, z) of each node were obtained by using
SOLIDWORKS measurement tool and these values are exported to MATLAB R2015b
(Mathworks Inc., Massachusetts, USA) by using a custom written macro file for deriving
the radius of curvature of talar dome and tibial mortise.

Motion Analysis
The ankle joint behaves as a single degree of freedom mechanism in the sagittal plane
allowing PF/DF movements. Motion analysis was performed in Solidworks by simulating
both DF and PF movements of the ankle joint by rotating the ligament links (Chang, 2016).
To rotate the linkage mechanism, an oscillation (rotation angle, θr) was applied to the crank
link (r4) by using a rotary motor. The rotation angle was applied in such a way that there is
no penetration between the two rigid bone components. The simulated flexion motion
causes the talus/calcaneus component to slide against the tibia/fibula component resulting
in contact between the bony components as shown in the figure 6.3. The contact points
between the tibial mortise and talar trochlea were derived at different phases (at 0.05
second intervals, for a total time of 1 s) for DF and PF. Two local coordinate systems were
considered to observe the motion of the ankle joint in the sagittal plane as shown in the
figure 6.2. The point ‘A’ was considered as the origin for tibia/fibula reference system (x,
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y) and the point ‘B’ was considered as the origin for talus/calcaneus coordinate system (x',
y'). Since the radius of curvature varies from medial to lateral side for both tibia and talus,
three parallel sagittal planes (medial, mid, and lateral) were created for deriving the radius
of curvature based on obtained contact points in each plane (Siegler et al., 2013). The
location of each sagittal plane was determined by dividing the tibial width (z-component)
into two equal parts as shown in figure 6.2.

Figure 6.3 Contact area during plantar flexion (top row) and dorsiflexion (bottom row) motion in model
M1.

Each contact point obtained was projected on the closest sagittal plane based on its location
on tibial and talar surfaces, respectively. Inman (1976) found coincidence between the
center of the circle and the mechanical axis of the ankle joint by considering the shape of
talar trochlea as a truncated cone rather than a cylindrical shape. This idea of a truncated
cone with fixed axis of rotation is still accepted by most experts studying joint kinematics
(Siegler et al., 2013). Previous studies by Hayes (2006), Kuo et al., (2013), and Siegler
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(2013) have applied circular fit to determine the radius of curvature for tibia and talus, and
more recent studies by Sancisi (2014) and Forlani (2015) applied 1DoF spherical parallel
mechanism model to predict the ankle joint motion. So, a circular fit was chosen in this
study to determine the radius of curvature of tibia and talus based on contact points
obtained for respective articulation surfaces. The radius of curvature in respective planes
was derived by fitting the contact points using custom written circle fit function in
MATLAB based on the Landau method (Landau, 1987). The obtained radii of curvature
values for talar trochlea and tibial mortise during flexion motion were used as response
variables to determine the correlation with ligament parameters, in table 6.2. Bivariate
analysis, one-way analysis of variance (ANOVA) and factorial analysis (standard least
squares) were considered in this study to describe the individual and interaction effects of
the input variables on response variables using JMP 12 (SAS Institute, North Carolina,
USA) statistical software.
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Table 6.2 Four-bar linkage assembly parameters for each model.

Model
no.

r1 link
length
(mm)

r2/CaFiL
link
length
(mm)

r3 link
length
(mm)

r4/TiCaL
link
length
(mm)

θ1
(deg)

θ2
(deg)

θ3
(deg)

θ4
(deg)

Rotation
Angle
(deg)

s+l
(mm)

p+q
(mm)

(s+l)(p+q)

Linkage
Type

M1

23.37

34.52

36.25

31.77

20.05

209.76

19.47

110.72

12

59.62

66.29

-6.67

M2

21.02

35.02

38.82

32.69

21.52

228.94

18.21

91.33

25

59.84

67.71

-7.87

Doublecrank

M3

36.5

23.62

51.06

29.81

20.55

195.51

52.94

90.99

10

74.68

66.31

8.37

M4

18.35

11.46

21.81

13.64

15.76

195.79

37.88

110.57

12

33.27

31.99

1.28

Significant factors effecting linkage
Individual effects: r1, r2, r3, r4, θ2 and θ3
Interaction effects: r1*r3, r1*r4, r1*θ1, r1*θ3, r1*θ4, r2*θ3, r3*θ1, r3*θ2, r3*θ3, r3*θ4, r4*θ3, θ1*θ2, θ1*θ3, θ2*θ4 and θ3*θ4
Expressions relating linkage parameters with assembly behavior
= 0.66 × 𝐫𝟏 − 17.65
= 0.16 × (𝐫𝟏 − 24.81)2 − (0.41 ∗ 𝐫𝟏 ) + 0.87
= −(0.45 × 𝐫𝟐 ) + 10.45
= −0.09 × (𝐫𝟐 − 26.16)2 − (0.88 × 𝐫𝟐 ) + 29.81
2
(0.3 × 𝐫𝟑 ) − 18.64
(𝐬 + 𝐥) − (𝐩 + 𝐪) = 0.06 × (𝐫𝟑 − 36.99) +
= −0.33 × (𝐫𝟒 − 26.98)2 − (3.1 × 𝐫𝟒 ) + 102.56
= −(0.4 × 𝛉𝟐 ) + 82.02
= 0.02 × (𝛉𝟐 − 207.5)2 − (0.6 × 𝛉𝟐 ) + 119.83
= 0.46 × 𝛉𝟑 − 15.93
= 0.0004 × (𝛉𝟑 − 32.13)2 + (0.46 × 𝛉𝟑 ) − 15.94

Note: θ1 - angle between r2 and r3, θ2 - angle between r1 and r2, θ3 - angle between r1 and r4 and θ4 - angle between r3 and r4
s - shortest link length, l- longest link length, and p, q - remaining link lengths
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Triplerocker

Results
From the obtained values in table 6.2, it can be observed that only two models M1 and M2
have satisfied the Grashof’s law (s+l ≤ p+q), thereby behaving as a “double-crank”
mechanism. The other two models (M3 and M4) which have higher (s+l) value compared
with sum of the other two ligament lengths (p+q) behave as “triple-rocker” mechanism
(Grashof, 1890). Bivariate analysis showed that the behavior of linkage assembly (s+l-p+q)
depends on both individual (linkage lengths and angles between them) and interaction
(cross effect between lengths and angles) parameters. Both linear (r1, r2, θ2, θ3) and
quadratic expressions (r3, r4) were derived relating linkage parameters that showed
significant effect on the assembly behavior and these details are provided in table 6.2.
During flexion motion, the articular contact region moves from the anterior part of the tibial
mortise in maximal DF to the posterior part in maximal PF as shown in figures 6.4 and 6.5.
The same trend can be observed in the shift of contact regions on the talar trochlea surface
as well. A similar pattern of contact was observed in other linkage models (M2, M3 and
M4) for both tibia and talus.
Both models M1 and M2, showed fewer contact points in respective planes with higher
angle (θ2) between the ground and rocker links, shown in figure 6.6. For models M3 and
M4 the angle (θ3) between the ground and crank links was higher by a factor of more than
two when compared with other models, resulting in more contact points, as shown in figure
6.7. This shows that both θ2 and θ3 played a significant role in affecting articular contact in
addition to linkage behavior, and the interaction effects (r3*θ2, r1*θ3, r2*θ3, r3*θ3, r4*θ3) in
table 6.2 show significant effect on the type of linkage. The radii (Rp) values for talar
trochlea and tibial mortise obtained in three sagittal planes (lateral, mid and medial) are
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provided in table 6.3. Contact points obtained in three different planes are projected over
single sagittal plane as shown in figure 6.8 to determine the variability between two
methods of measuring tibial and talar arc radii. From the results, it can be observed that,
for model M1, the path of motion is the same during DF and PF movements. In case of
model M2 most of the contact has occurred on the anterior side during flexion motion.
Based on the obtained contact points, both models M3 and M4 have shown two different
paths of motion during flexion movement. The surfaces of the talar dome (trochlea tali)
and tibial mortise were derived based on coordinates obtained for each nodal point that
belongs to respective surfaces (see figure 6.2b), and obtained radius of curvature (Rs)
values (see figure 6.9 for curve fitting) are provided in table 6.3.
Since all the contact points occurred on the anterior side of the M2 model, the circle fit
does not apply to determine the radius of curvature in respective planes. So, model M2 was
excluded from the statistical analysis (Bivariate, ANOVA and Factorial design). Linkage
type (s+l-p+q) showed significant effect on Rc values (for tibia and talus) and Ravg values
(only for tibia). To further understand the effect of individual linkage parameters on radius
values, bivariate analysis was performed between input variables (r1, r2, r3, r4, θ1, θ2, θ3 and
θ4) and output variables (Rp, Rc and Ravg) by plane (lateral, mid and medial) and bony
segment (TiFi and TaCa). These results showed significant effect of linkage lengths (r2 and
r4) on Ravg values for both tibia and talus. In addition to link lengths, the angle between the
links played a significant role, where θ2 and θ3 showed significant effect on Ravg values for
tibia and in the case of talus, θ1 and θ2 showed significant effect. For tibia, linkage
parameters (r2, θ2 and θ3) showed significant effect on Rc values, whereas in the case of
talus, linkage parameters (r2, r4, θ2 and θ3) showed significant effect. Expressions relating
168

linkage parameters with the radius values (Ravg and Rc) are provided in table 6.3. No
significant difference was observed between M3 and M4 models for Rp values when the
analysis was carried out by plane, considering all three models M1, M3 and M4. Statistical
analysis that was carried out in this study showed no significant effect of linkage
parameters on the radius of the curvature values at higher factorial degree.
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Figure 6.4 Tibial mortise (above) and talar trochlea (below) showing contact areas during PF motion in
model M1.
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Figure 6.5 Tibial mortise (above) and talar trochlea (below) showing contact areas during DF motion in
model M1.
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Figure 6.6 Circle fitting the tibial mortise and trochlea tali based on contact points in Lateral, Mid and
Medial planes in M1 and M2.
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Figure 6.7 Circle fitting the tibial mortise and trochlea tali based on contact points in Lateral, Mid and
Medial planes in M3 and M4.
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Figure 6.8 Circle fitting the tibial mortise and trochlea tali based on contact points in sagittal plane
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Figure 6.9 Projections of the surface nodes that belongs to trochlea tali and tibial mortise in single sagittal
plane for all models.
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Table 6.3 Summary of radius of curvature values obtained for tibial mortise and talar trochlea.
Bone
Plane
Rp (mm)
Ravg (mm)
Rc (mm)
Rs (mm)
42.64
Lateral
42.02
36.29
35.47
Tibia
39.59
Middle
43.84
Medial
M1
31.39
Lateral
33.19
33.7
34.11
Talar
35.53
Middle
32.64
Medial
n/a
Lateral
n/a
n/a
35.05
Tibia
n/a
Middle
n/a
Medial
M2
n/a
Lateral
n/a
n/a
29.75
Talar
n/a
Middle
n/a
Medial
25.76
Lateral
20.09
11.43
19.26
Tibia
19.93
Middle
14.59
Medial
M3
21.71
Lateral
20.46
14.13
13.13
Talar
25.14
Middle
14.52
Medial
14.73
Lateral
11.12
10.31
12.41
Tibia
12.79
Middle
5.83
Medial
M4
9.21
Lateral
12.9
10
11.92
Talar
17.08
Middle
12.41
Medial
27.71*
Lateral
24.41*
19.34*
25.55 (22.38)*
Tibia
24.1*
Middle
Average*
21.42*
Medial
20.77*
Lateral
22.18*
19.27*
22.23 (19.72)*
Talar
25.91*
Middle
19.86*
Medial
Expressions relating linkage parameters with radius values
= −6.41 + (1.33 × 𝐫𝟐 )
Tibia
= −7.17 + ( 1.26 × 𝐫𝟒 )
= −348.66 + (1.86 × 𝛉𝟐 )
Ravg
= 49.87 − (0.69 × 𝛉𝟑 )
= 1.89 + (0.87 × 𝐫𝟐 )
Talus
= 0.44 + (0.87 × 𝐫𝟒 )
= −30.61 + (2.81 × 𝛉𝟏 )
= −210.58 + (1.16 × 𝛉𝟐 )
Tibia
= −6.33 + (1.11 × 𝐫𝟐 )
= −341.26 + (1.80 × 𝛉𝟐 )
= 47.55 − (0.77 × 𝛉𝟑 )
Rc
Talus
= −4.26 + (1.01 × 𝐫𝟐 )
= −3.3 + (0.9 × 𝐫𝟒 )
= −286.96 + (1.53 × 𝛉𝟐 )
= 41.72 − (0.61 × 𝛉𝟑 )
Rp - Radius of curvature based on contact points in three different planes
Ravg – Average radius of curvature based on contact points in three different planes
Rc - Radius of curvature based on contact points in single plane
Rs - Radius of curvature based on surface coordinates,
* M2 values are excluded
Model
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Discussion
The radius of curvature of tibial mortise and talar trochlea was derived in three sagittal
planes and the results showed that the articular contact region moves from the anterior part
of the tibial mortise in maximal DF to the posterior part in maximal PF. A similar
observation was reported by Leardini (1999) during ankle joint flexion under passive
loading conditions. The contact areas obtained for all the models occurred within the
regions of respective bone surfaces proposed by Wan (2006) who studied contact areas of
the ankle joint under weight-bearing conditions. Therefore, passive loaded joint could
simulate the joint kinematics.
Model M1 showed same path of motion during DF and PF movements whereas models
M3 and M4 showed different paths of motion during PF and DF movement. Only Leardini
(1999) reported the same path of motion in both the directions similar to the results
observed in case of model M1 in a 2D model. This can be explained by the differences in
ligament parameters showed in table 6.2, and articular contact between the subjects. In
order to have a full crank rotation, the linkage mechanism should satisfy Grashof’s law. In
practice, ankle joint does not undergo full joint rotation during flexion motion due to the
articulation surfaces and ligaments which act as a constraint. From the obtained results, it
can be observed that double-crank mechanism causes same path of motion and triplerocker mechanism result in different motion paths. Based on statistical results in table 6.2,
parameters (r1, r2, r3, r4, θ2 and θ3) played a significant role in determining the type of
linkage assembly (s+l-p+q). Additionally, both θ2 and θ3 played a significant role in
affecting the articular contact between the bones. This shows that the joint path of motion
is affected by the interaction behavior of the ligaments and articular contacts.
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Most of the contact points occurred near the condylar regions of the tibia and talus
especially in the case of model M2, which clearly shows the occurrence of edge loading
during passive loading conditions. In this study, mixed results were seen for the radius of
curvature values, where the tibial mortise radius of curvature was higher in lateral plane in
the case of M3 and M4 models, whereas M1 model showed higher value in medial plane.
Overall, no significant difference was observed between M3 and M4 models when analysis
was carried out by plane but significant difference was observed between model M1 and
other two models (M3 and M4). The average radius of curvature values in table 6.3 show
radius of curvature in lateral plane is higher than that of the medial plane, but no significant
difference between the radius values for different planes was observed in this study.
However, the difference in radius of curvature between medial and lateral planes is not
consistently reported in the literature.
The radius of curvature values derived in two different methods (three planes vs. single
plane) based on contact points during flexion motion showed a major difference. This
difference in radius of curvature values is small when we compare the values obtained for
single plane (Rc) and respective bone surface coordinates (Rs), and by comparing average
values (Ravg) with surface coordinate values (Rs), very minimal difference of about ~1 mm
was observed in most cases, provided in table 6.3. This proves that applying circle fit to
determine arc radius generate good results for three models (M1, M3 and M4) but it
requires more contact points (for model M2) during flexion motion to derive more accurate
results. Circle fit for anatomical bodies applied to measure different morphological
parameters and obtained results showed significant differences in the pattern of contact
between the models (Leardini et al., 1999), (Hayes et al., 2006). Figures 6.6 and 6.7 showed
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significant differences in the pattern of contact between the models. It may be observed
that arc radius (table 6.3) using circle fit was a function of contact points, which in turn
depends on θ2 and θ3 values. So, higher the number of contact points, the better the fit,
implying joint congruency. The number of contact points depends on the articulation
between the bones. This difference in the number of contact points can be explained by
variance in the morphological parameters of tibia and talus between the subjects and also
joint incongruency during unloaded condition. Similar observations were reported by
Sancisi (2014) when passive imaging data was used to predict joint motion by applying a
spherical parallel mechanism. Three out of nine specimens showed some discontinuities in
sagittal and coronal planes due to lower joint stability, and two specimens did not show
passive dorsiflexion. During swing phase of the gait cycle, minimal amount of load acts on
the ankle joint resulting in partial contact between the articulation surfaces (Wynarsky et
al., 1983). Ankle joint shows significant congruency under weight-bearing conditions,
whereas the tibiotalar contacts have shown maximum increase in area during 50% of the
stance phase of the gait cycle (Hintermann, 2005). Factorial analysis performed to correlate
linkage parameters and radius of curvature values showed no significance. This can be due
to various reasons: 1) differences in linkage assembly between the models resulting in
different paths of motion, 2) application of circle fit for M2 model with fewer contact points
resulting in higher scatter (by excluding model M2 from statistical analysis resulting in
smaller sample size), thereby affecting statistical analysis and 3) to establish significant
relationship between few response variables with many input variables require a larger
sample size.
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Based on obtained results in this study, for developing novel TAR models with ligament
compatible shapes a more sequential approach is necessary to perform motion analysis
under weight-bearing conditions. Forlani (2015) proposed a sequential approach to develop
a kinetostatic model by using a compliant mechanism, which is a derivative of passive
kinematic model that replicates ankle joint motion in both loaded and unloaded conditions.
So, testing under loaded conditions could result in higher joint congruency during stance
phase which constitutes for a major percentage of the gait cycle, generating more contact
points with increase in contact area thereby deriving a better fit. In this study only flexion
movement of the ankle (talocrural) joint was simulated, and no corroborating joints that
guide in ankle joint motion in other anatomical planes were considered. Sancisi (2014)
reported that in the majority of ankle arthritis patients the subtalar joint is in intact
condition. Subtalar joint plays a major role in stabilizing the joint during version
movements especially under loaded conditions, but plays a very minimal to no role during
flexion motion (Michael et al., 2010). In order to effectively design a TAR device, we need
to consider movements in other anatomical planes that are guided by subtalar joint in
addition to joint motion that occurs in sagittal plane. Since this study mainly focused on
ankle joint motion in sagittal plane under passive conditions, the effect of subtalar joint
motion on curvature values is negligible.
In this study, a select number of subjects that received both CT and MRI evaluation of their
ankle. This is the first study to deduce ankle joint motion by applying a linkage mechanism
in the sagittal plane using passive imaging data. In this study, original patient radiographic
data was considered for marking the ligaments and constructing the linkage assembly
instead of using skin markers/intra-cortical pins. Developing 3D models, constructing a
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rigid body mechanism, and simulating joint motion are very complex concepts considering
a high number of subjects. Since CT and MRI data for the same subject is expensive and
rarely carried out, and must involve a potential joint disorder. Based on contact points, the
application of circle fit to determine tibial and talar arc radius was successful in three
models and in one case it does not apply due to lack of sufficient contact points. To
completely understand the effect of ligaments and articular surfaces on ankle joint motion,
there is a need to consider other ligaments which guide the ankle joint mobility since the
TiCaL and CaFiL contribute only 75% to the ankle range of motion (Leardini et al., 1999).
A higher order compliant mechanism needs to be developed and studied under load-bearing
conditions to establish significant relationship between ligament and articular surface
parameters.
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Chapter 7: Wear Characterization in
WSU Total Ankle Replacement Devices
Introduction
Aseptic loosening of the prostheses was reported as a major cause of revision in Swedish
and Norwegian TAR registries (Henricson et al., 2007), (S Fevang et al., 2007). Major
factors that contribute to failure of total ankle replacements are fixation method and
component design (Nishikawa et al., 2004). Because of its superior mechanical properties
like high strength, low creep, low friction coefficient and good resistance to fatigue,
UHMWPE is used as a liner material in TARs since 1960’s (Li and Burstein, 1994; Lewis,
1997; Affatato et al., 2009). Similar to hip and knee, the articulation between a metal and
UHMWPE generates wear and the polymer debris result in osteolysis (Gupta et al., 2010).
The surface area of the ankle is much smaller, one-third, compared to that of hip or knee
joints (Michael et al., 2008). More than 75% of the load acts on the superior articular
surface of the talus and peak stresses are observed in the anterior and lateral regions of the
talar dome (Kimizuka et al., 1980). The primary source of loading on the ankle occurs
during walking, especially during the stance phase of the gait cycle. During weight-bearing
conditions nearly 77% -90% of the load is transferred to the dome of the talus (Michael et
al., 2008). Ankle joint experiences a load of five to seven times the weight of human body
during the stance phase of the gait cycle (Stauffer et al., 1977). The small surface area of
the talar bone and higher joint reaction forces generate very high contact stresses in TARs
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(Elliot et al., 2014). Due to cyclic contact stresses at articular surfaces (i.e. between the
liner and metal components) in TARs, UHMWPE undergoes pitting, delamination and
changes in the crystal structure, resulting in low resistance to wear (Edidin et al., 1999),
(Taddei et al., 2008), (Wannomae et al., 2006). Wear particles generated from the liner
causes osteolysis in the periprosthetic tissues resulting in early loosening of the implant
(Lewis, 1997).
Excessive shear forces at the bone-implant interface can be observed in case of incorrect
bony cuts and this condition further increases the chance of talar subsidence which is also
the most common cause for aseptic loosening of the implant (Gupta et al., 2010). Tochigi
(2006) observed changes in the contact stresses at different locations of the ankle joint
when subjected to shear forces and rotation torques. During vertical loading conditions,
both bone-implant interface and TAR components are under compression. Unlike vertical
load, rotational forces, anteroposterior, and medial-lateral shear forces do not contribute to
implant stability but lead to implant loosening and polyethylene wear (Haskell, 2012).
Current TAR devices are available either with mobile bearing (three components) or with
fixed bearing (two components). When compared with mobile bearing, fixed bearing
design shows greater stability with less risk of bearing dislocation (Gaudot et al., 2013).
Unlike fixed bearing devices, mobile bearing devices are less susceptible to tibial
component loosening due to lower shear forces at bone-implant interface (Gaudot et al.,
2013). Several biomechanical studies conducted on these devices showed that three
component designs have better performance in terms of biomechanics and kinematics when
compared with two component designs, but no significant difference was found between
these devices clinically in terms of ankle motion (Valderrabano et al., 2003a),
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(Valderrabano et al., 2003b), (Valderrabano et al., 2003c), (Valderrabano et al., 2012),
(Gaudot et al., 2013). However, there is a debate regarding the advantages and
disadvantages of each type. For successful ankle prosthesis, the implant should withstand
shear forces acting on the ankle joint at the same time provide wear resistance during
different loading conditions.
Kinematics of the replaced joint and contact pressures generated at prosthetic articulating
surfaces play a major role in TAR success (Reggiani et al., 2006). There is a lack of
knowledge on the kinematics and contact pressures, and computational modeling using
finite element analysis on TAR devices. Most of the studies in the literature discuss axial
normal loads (Anderson et al., 2006), (Elliot et al., 2014) and their effects in stress
development and wear. The main objective of the present study is to understand the role of
contact stresses affecting the wear characteristics of TARs under shear, torsion and
dynamic loads. For this study, second-generation WSU TAR models were analyzed. The
contact stresses obtained during different loads in this study were used to determine the
yearly wear rate of the TARs under those load cases. Contact stresses and wear rate values
obtained in this study were then compared with values obtained under axial loading
conditions from a previous effort (Elliot et al., 2014).

Materials and methods
Second Generation TARs
Finite element analysis was performed using ABAQUS to determine the wear rate in WSU
TAR models. Second generation TAR models were considered for this study and the solid
models of respective TARs are shown in the figure 7.1. Traditionally all the models are
184

three component prostheses with mobile bearing. Tibial, Bearing/Liner and Talar
components of each TAR model were exported from Solidworks to ABAQUS for
assembling the model and two material sections (metal, polymer) were created to assign
mechanical properties to the components. These TAR models have talar and tibial
components with different geometries but same liner.

N1

N2

N3

N4

Figure 7.1 Second generation WSU TAR models N1, N2, N3 and N4.

Three different biocompatible metals Co-Cr-Mo (ASTM F-75), 316L Stainless steel
(ASTM F138) and Ti-6Al-4V (ASTM F-136) were used as tibial and talar components for
all the TAR models and highly cross-linked UHMWPE was used as the liner material. In
addition to the ankle implants, Co-Cr-Mo alloys are widely used in knee, hip and dental
prosthetics. Co-Cr-Mo alloys are resistant to pitting and crevice corrosion and these alloys
have excellent wear resistance properties (Niinomi, 2010). Stainless steel is generally used
for stems of artificial hip joints and because of its excellent torsion and elongation
properties and it is also used in internal bone fixators which are retrieved after healing
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(Niinomi, 2010). Ti-6Al-4V is widely used in joint replacement components because of its
high corrosion resistance properties when compared to stainless steel and Co-Cr-Mo alloys
(Gundapaneni et al., 2014). When compared to stainless steel and Co-Cr-Mo alloys, Ti
alloys lower stress shielding because of their axial and torsional stiffness properties which
are close to the stiffness properties of the human bone (Yaszemski et al., 2013). Several
studies have shown significant improvement in the wear resistance of UHMWPE through
cross-linking (Muratoglu et al., 2001). The properties of the materials used in this study
are listed in table 7.1. The viscoelastic model deduced in a previous effort was used in this
research as well for the UHMWPE by determining the Prony series (Elliot et al., 2014).
Table 7.1 TAR Material properties (Makola & Goswami, 2011), (Elliot et al., 2014)

Material
Co-Cr-Mo
Stainless Steel (SS)
Ti-6Al-4V
125 kGy UHMWPE

Young’s Modulus, E
(MPa)
250,000
200,000
114,000
556

Poisson’s ratio, ν

Coefficient of Friction, µ

0.29
0.3
0.342
0.461

0.15
0.12
0.148
--

Loading and Boundary Conditions
Visco step with a time period of one gait cycle was selected for analyzing the von Mises
and contact stresses in the liner under three different loading conditions. Two tangential
hard contact interactions were defined between the tibia-liner and talar-liner surfaces.
Different values for coefficient of friction were used based on type of metal interaction
with the liner material and these values are provided in the table 7.1. The ankle joint
complex can transform tibial torque into torque around the long axis of the foot depending
on the vertical load applied and foot positions (Dettwyler et al., 2004). Forward shear
occurs during the initial heel strike position which shows the resistance of the foot towards
the forward momentum (Coughlin et al., 2014). During heel strike, medial shear force
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which constitutes about 5% of body weight acts towards the midline of the foot, after which
the lateral shear force continues to act until the opposite heel strike. After heel strike, an
internal torque is generated due to lower extremity rotation during stance phase of the gait
cycle where it reaches maximum at the time of foot flat, after which there is a progressive
external torque that reaches maximum just before the toe-off position (Coughlin et al.,
2014). Due to relatively low yield point and high wear resistance of cross-linked
UHMWPE, the contact pressure acting on the articular surfaces causes higher wear rates
in TARs (Reggiani et al., 2006). Higher loads acting on the ankle joint during gait generate
excessive contact pressures at the articulating surface which leads to earlier TAR failure.
Three different loading conditions a) Shear load, b) Torsion load, and c) Dynamic load
observed during person’s gait cycle were selected for this study to determine the stresses
developed in the liner. Sereg (1975) deduced the forces acting on the ankle joint during
walking as shown in figure 7.2. Gait data from this study was used to apply the shear loads
on the TAR model. The shear forces acting on the ankle joint were determined by various
force components as shown in figure 7.2. Perry (1992) determined the torque acting on the
ankle joint during walking under normal-weight bearing conditions as shown in figure 7.2.
For dynamic loading, multiple loads were applied, involving axial compressive load,
anteroposterior translation, internal-external rotation, and flexion motion as shown in
figure 7.3 (Sereg et al.,1975), (Kincaid et al., 2013), (Smyth et al.,2017). The loading data
obtained from these studies was used to simulate the mechanical environment in the ankle
joint and von Mises and contact stresses developed determined in the liner under the
applied boundary conditions.
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Shear and Torsion Loads
Joint Force / Body Wt.

2
1.5
A-P Shear Load

1
0.5

M-L Shear Load

0
-0.5 0

0.2

0.4

0.6

0.8

1
Torque Load

-1
-1.5
-2
-2.5

% of Walking Cycle (Normalized)

Ankle Joint Dynamic Gait Profile
5000

20

Axial Load (N)

4500

15

4000
3500

10
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5
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2000
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-10
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0

-15
0
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40
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Gait (%)
Axial Load (N)

Translation (mm)

Rotation (Deg)

90

100

Displacement (mm) or Rotation (Deg) or
Flexion (Deg)

Figure 7.2 Shear and torsion loads acting on ankle joint during gait by Seireg (1975), Perry (1992).

Flexion (Deg)

Figure 7.3 Ankle joint simulator profile showing compressive load, translation, rotation and flexion
movements (Seireg et al.,1975), (Smyth et al., 2017), (Kincaid et al., 2013), ASTM F2665-09(2014).

An average US male body weight of 876.4 N was considered for this study (McDowell et
al., 2005). Different boundary conditions were applied based on the loading conditions. In
case of shear loading, posterior shear forces were applied to tibial component and anterior
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shear forces were applied to the talar component as surface traction shown in figure 7.4.
Both the top surface of the tibial component and the bottom surface of the talar component
were fixed to simulate shear loading in TAR system. In case of torsion loading, a reference
point (RP) was created above the center of the tibial component surface and a coupling
constraint was defined in such a way that the torsion in TAR was simulated by applying
moment with a rotation angle in clockwise direction. Different rotation angles of 5o, 10o
and 15o were used to simulate the torsion in TAR and the rotation angle was applied in
such a way that maximum rotation occurs at the point of maximum loading. During torsion,
the bottom part of the talar component was encastered and torsion load was applied to top
surface of the tibial component as shown in figure 7.4.
Before performing the torsion analysis, a pilot study was conducted in one of the TAR
models to determine the stresses by applying rotation in anti-clockwise direction. Stress
values observed during torsion in clockwise direction were also reproduced in anticlockwise direction. For dynamic analysis, the axial load was applied on the top surface of
the tibial component. The bottom surface of the talar component was fixed in y-direction.
Two reference points (RP-1 and RP-2) were created and kinematic coupling constraints
were defined between RP-1 and top tibial surface, and RP-2 and bottom talar surface as
shown in figure 7.4 to generate translation, rotation and flexion movements. Anteroposterior displacement in the talar component was simulated by applying translation to RP2 in z-direction. To simulate plantar flexion and dorsiflexion movements in the talar
component, rotation was applied to RP-2 in x-direction. Similarly, to generate internalexternal rotation in tibial component, rotation was applied to RP-1 in y-direction. A sample
comparative study was performed between the mobile and fixed bearing models to
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understand the wear characteristics of TARs under torsion loading. For this comparative
study, N1 TAR model made with Co-Cr-Mo alloy was considered for the analysis. In case
of fixed bearing model, the liner of respective TAR model was fixed to the tibial component
in neutral position by using merge tool in ABAQUS. The boundary conditions applied
under torsion loading in case of mobile bearing were applied in this case as well and the
interaction between tibial component bottom surface and the liner component top surface
was suppressed. Summary of different loading cases applied to different TAR material
models in this study is shown in table 7.2.

(a)

(c)

(b)

(d)

Figure 7.4 Applied loading and boundary conditions applied for a) shear, b) torsion, c) dynamic, and d)
interactions between the components.
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Table 7.2 Summary of all the load cases tested

Load Type
A-P
Shear
M-L
5o
Torsion

10o
15o

Dynamic

Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V

Fixed Bearing
models

Mobile Bearing
models

-

N1, N2, N3 and N4

N1
N1
N1
-

N1, N2, N3 and N4

-

N1, N2, N3 and N4

Quadratic tetrahedral elements (C3D10) were used for meshing the TAR components and
the mesh was refined in such a way that the results get converged to less than 5% difference.
Based on the analysis conducted in this study surface, sub-surface, cross-sectional von
Mises and contact stresses across the liner were derived. Surface stresses include only the
stresses that are observed on the outer surface layer of the liner component and stresses
inside the liner component were obtained by cross-sectioning the liner axially into thin
slices. Stress data obtained under shear and torsion loads for all the TAR models was
exported to MATLAB for further data processing. Changes in the von Mises and contact
stress values at each 0.01 increment of the gait cycle (normalized) w.r.t applied load were
determined by measuring the stress values in the element that shows maximum stresses at
the point of maximum load. Average von Mises and contact stress values across the liner
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were determined by averaging the sum of maximum stress values observed in all the
corresponding elements of the liner during the entire gait cycle.

Contact Theory and Wear Law
The average contact pressure values obtained from the conducted FEA study were used to
determine the wear rate in the liners under different loads. For TAR devices under load,
talar component acts as an indenter (master- hard surface) and bearing/liner component
acts as a slave-deformable surface. Considering Hertzian contact theory and Archard’s
wear law, Elliot (2014) deduced a wear equation to determine the amount of wear in the
liners based on contact pressure. A study by (Fisher, 1994) found that sliding velocity of
35 mm/s approximately replicates the physiological sliding velocity of human joints and
used in different biotribology studies (Elliot et al., 2014).
Wear equation:
Ẇ =

π3 kP03 R2 Ṡ
6E ∗2

eq. 7.1

Where,
3

3

mm
mm
Ẇ - Wear rate [ s ], k - material dependent wear coefficient [13.2 E −12 Nmm], Po - Contact

pressure between the TAR components in contact, R - Radius of curvature of the talar
component/indenter [27 mm] (Elliot et al., 2014), E* - Effective elastic modulus of the
materials in contact, and Ṡ - Sliding velocity [35

mm
s

] (Fisher et al., 1994).

The stress data and wear rate values that were obtained in the liners during the applied
loading conditions were used to compare with the stress and wear rate values obtained
during axial loading conditions. Hertzian contact theory which was used by several studies
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previously to determine the contact stresses was used in this study as well to determine the
wear rate using wear equation (Udofia et al., 2004), (Koo et al., 2007), (Okazaki et al.,
2014), (Elliot et al., 2014). Hertzian contact theory is applied for elastic bodies forming a
non-conformal contact. When the contact surfaces of two bodies are closely conforming
(i.e. when contact dimensions are nearly equal to their radii), Hertzian contact theory is no
longer valid. In this study, an attempt was made to determine the contact stress values by
applying various conformal contact theories and compared the obtained values with
Hertzian theory.
According to Hertz (1881), the pressure in the center of contact area can be calculated as:
1/3

6FE ∗2
Maximum pressure = Po = ( 3 2 )
π R

eq. 7.2

1
1 − v1 2 1 − v2 2
=
+
E∗
E1
E2

eq. 7.3

Where,
F – Applied Force
E1, E2 - moduli of elasticity of the bodies in contact
ν1, ν2 - the Poisson’s ratios of both bodies
R – Effective Radii curvature (27 mm).
The most widely accepted contact theory for conformal contact of cylindrical bodies was
conducted by Persson (1964). In this study, the contact stress distribution of a circular disc
in a circular hole was determined. This theory considered same elastic constants for the
bodies in contact. The maximum pressure at the center of contact is given by:
Pmax

F
2c
ln[(c 2 + 1)1/2 + c]
= (
+
)
R π(c 2 + 1)1/2
πc 2 (c 2 + 1)
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eq. 7.4

α
c = tan ( )
2
Where,
F – Applied Force
R – Contact Radius (27 mm)
α – Half-contact angle (24.75o)
Study by Vaupel (2009) conducted failure analysis on retrieved Agility total ankle
arthroplasty systems. In this study, the contact stresses were calculated based on patient
body weights and respective force equations are given by:
Fcompressive = √[(4 × BW)2 + (0.8 × BW)2 ]
Contact stress =

eq. 7.5

Fcompressive
Measured Area

Where,
BW – Patient bodyweight
Study by Ciavarella (2001a), (2001b) determined closed form solution for Persson’s
contact problem for both elastic similar and dissimilar materials assuming frictionless
contact. Unlike previous methods, study by To (2008) extended Persson’s contact problem
by considering elastic dissimilarity for the conformal contact problem between a bolt and
a ring and also considered the effects of the second Dundur’s constant on the contact
pressure. Assuming zero clearance between talar component and bearing, the normalized
contact pressure equation is modified based on parameters given by To (2007) to obtain:
ξ
ξ
cos ( ) + √m − sin2 ( )
2(β0 H0 − λ + a0 γ2 π)
8β H
ξ
ξ
ξ
2
2
|| + 2 2 cos ( ) sin2 ( ) × √m − sin2 ( )
q(ξ) = −
ln ||
π
π
2
2
2
√1 − m
ξ
2 cos ( )
ξ
2
√m − sin2 ( ) [2(1 − m)β2 H2 − 1 − γ2 ]
−
π
2
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eq. 7.6

The coefficients H0 and H2 are obtained by solving the following non-linear equations
1
1
−m(β0 H0 − λ + γ2 πa0 ) + m(2 − m)(1 + γ2 ) − 2m(1 − m)2 β2 H2 =
2
2
1
− m(2 − 3m)(β0 H0 − λ + γ2 πa0 ) + m(1 − m)2 (1 + γ2 )
2
1
− m(4 − 14m + 20m2 − 9m3 )β2 H2 = H2
2
H0 − (β0 H0 − λ + γ2 πa0 ) + ln(1 − m) − (1 + γ2 )m − β2 H2 m(3m − 2) = 0
Other equations:
a0 =
kolosov constants: μi =

H0
α

Ei
,
2(1 + vi )

k i = (3 − 4vi ) (plane strain)

α
m = sin2 ( )
2
ρ=(
λ=

R1 2
)
R0

4π∆R
k + 1 k0 + 1
F ( 1μ
+ μ )
1
0

k1 − 1 k 0 − 1
− μ
μ
0
γ2 = ( 1
)
k1 + 1 k 0 + 1
μ1 + μ0
β0 =

1

1 − k 0 2ρ + k1 − 1
(
−
)
k1 + 1 k 0 + 1
μ
(ρ
−
1)μ
0
1
(
+
)
μ1
μ0

The maximum contact pressure: p(ξ) =
Where,
α – Half-contact angle (24.75o),
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Fq(ξ)
R

Ei – Young’s modulus,
vi – Poisson’s ratio,
i – (0- talar component material, 1- bearing component material),
R0 – Radius of curvature of talar component,
R1 – Radius of curvature of bearing component,
ΔR – (R1 - R0)
F – Applied Force
R – Contact Radius (27 mm)
For comparison between the contact theories, Co-Cr-Mo and UHMWPE material
properties are considered for talar and bearing components to calculate maximum contact
pressure. Maximum contact pressure values w.r.t torsion load are calculated by applying
contact pressure equations from previous studies as shown in figure 7.5.

Max. Contact Pressure (MPa)

Comparison of Maximum Contact stress values
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60
50

Hertz

40
30

Persson

20

Zachary

10
0
-10

Modified
0

0.2

0.4

0.6

0.8

1

-20
-30

% of Walking Cycle (Normalized)
Figure 7.5 Maximum contact stress values for different contact models
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Results
Three different types of loads were applied to the TAR models and the corresponding
stresses in the liner were obtained. Surface, sub-surface, cross-sectional, and gross (stresses
observed across the entire liner component) stress values of respective TAR models for
different materials under shear loading are provided in table 7.3.
Table 7.3 Maximum and average von Mises stress data under shear load

Model

N1

N2
N3
N4
M-L
A-P
M-L
A-P
M-L
A-P
M-L
Maximum Surface von Mises Stress (MPa)
0.033
0.040
0.047
0.062 0.034
0.042
0.039
0.058
0.042
0.055
0.058
0.077 0.042
0.052
0.048
0.072
0.083
0.090
0.098
0.134 0.072
0.089
0.086
0.126
Maximum Sub-surface von Mises Stress (MPa)
0.043
0.040
0.035
0.038 0.046
0.042
0.047
0.069
0.053
0.055
0.044
0.047 0.057
0.052
0.059
0.089
0.089
0.090
0.075
0.082 0.098
0.089
0.101
0.156
Maximum Cross-sectional von Mises Stress (MPa)
0.048
0.038
0.045
0.050 0.049
0.042
0.047
0.072
0.053
0.052
0.056
0.062 0.061
0.052
0.059
0.089
0.089
0.083
0.095
0.101 0.104
0.089
0.101
0.156
Maximum Gross von Mises Stress (MPa)
0.048
0.040 0.047
0.062 0.049
0.042
0.047
0.072
0.053
0.055 0.058
0.077 0.061
0.052
0.059
0.089
0.089
0.090 0.098
0.134 0.104
0.089
0.101
0.156
Average Gross von Mises Stress (MPa)
0.0011 0.0013 0.0011 0.0013 0.0011 0.0014 0.0011 0.0014
0.0014 0.0017 0.0013 0.0016 0.0014 0.0017 0.0013 0.0018
0.0023 0.0028 0.0023 0.0027 0.0024 0.0029 0.0022 0.0030
A-P

Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V

Based on the obtained results it can be observed that the TAR models made with Co-CrMo alloy have shown lower von Mises stress values (surface, sub-surface, cross-sectional,
and gross stresses) and TAR models made of Ti-6Al-4V have shown higher von Mises
stress values in the liner component when compared with other material models under shear
loading conditions (i.e. in both A-P and M-L directions). In all the TAR models, maximum
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surface stress values and average gross stress values in A-P direction are less than the
maximum surface stress values and average gross stress values in M-L direction. Maximum
von Mises surface stresses in the liner were observed at the point of maximum shear load
applied (i.e. in both A-P and M-L directions) as shown in figure 7.6.
N2 and N4 models have shown higher maximum sub-surface and maximum gross stress
values in M-L direction when compared with these stress values in A-P direction. N3 model
has shown higher maximum sub-surface and maximum gross stress values in A-P direction.
Maximum cross-sectional stress values in A-P direction are higher in N1 and N3 models
when compared with maximum cross-sectional stress values in M-L direction. Unlike N1
and N3, N2 and N4 models have shown higher maximum cross-sectional stress values in
M-L direction.

Figure 7.6 Maximum von Mises stresses in TAR models under shear loading
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Average gross stress values are little higher in N3 models when compared with other TAR
models in A-P direction and N4 models have shown higher average gross stress values in
M-L direction when compared with other models. Under shear loading in M-L direction,
models N1 and N3 have shown maximum von Mises stress values at sub-surface level. N1
and N3 model have shown maximum von Mises stress values at cross-sectional level under
shear loading in A-P and M-L directions respectively. At cross-sectional level N4 model
have shown maximum von Mises stress in both A-P and M-L directions under shear
loading. Only N2 model have shown maximum von Mises stress values at surface level
under shear loading in both A-P and M-L directions.
N2 Ti alloy model have shown higher maximum surface stresses in A-P (0.098 MPa) and
M-L (0.134 MPa) directions when compared with other TAR material models under shear
loading as shown in figure 7.7. N4 Ti alloy model have shown higher maximum subsurface stresses in A-P (0.101 MPa) and M-L (0.156 MPa) directions when compared with
other TAR material models as shown in figure 7.8. When compared with other material
models, maximum gross (0.104 MPa) and average gross (0.0024 MPa) stress values are
higher in N3 Ti alloy model in A-P direction as shown in figures 7.9 and 7.10. N4 Ti alloy
model have shown higher maximum gross (0.156 MPa) and average gross (0.0030 MPa)
stress values when compared with other material models in M-L direction as shown in
figures 7.9 and 7.10.
In addition to maximum von Mises stress values, maximum contact stresses were derived
for calculating wear rate in the liners under shear loading. Maximum and average contact
stress values observed in the liner at different shear loads are provided in table 7.4.
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Figure 7.7 Maximum surface von Mises stresses in N2 Ti alloy model under A-P shear loading (Left) and
M-L shear loading (Right).

Figure 7.8 Maximum sub-surface von Mises stresses in N4 Ti alloy model under A-P shear loading (Left)
and M-L shear loading (Right).

Figure 7.9 Maximum cross-sectional von Mises stresses in N3 Ti alloy model under A-P shear loading (Left)
and N4 Ti alloy model under M-L shear loading (Right).
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Figure 7.10 Maximum gross von Mises stresses in N3 Ti alloy model under A-P shear loading (Left) and
N4 Ti alloy model under M-L shear loading (Right)
Table 7.4 Maximum and average contact stress data under shear load

Contact Stress (MPa)
TAR

N1

N2

N3

N4

Material
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Average

A-P
Maximum
0.183
0.229
0.381
0.172
0.214
0.367
0.161
0.203
0.351
0.174
0.216
0.384
0.252

Average
0.004
0.004
0.008
0.004
0.005
0.009
0.004
0.005
0.009
0.004
0.006
0.010
0.006

M-L
Maximum
Average
0.118
0.005
0.148
0.006
0.240
0.011
0.145
0.005
0.179
0.006
0.311
0.011
0.086
0.005
0.106
0.006
0.181
0.010
0.116
0.004
0.144
0.006
0.254
0.010
0.169
0.007

Based on the obtained results it can be observed that the TAR models made with Co-CrMo alloy have shown less contact stress values when compared with other material models
under shear loading conditions (i.e. in both A-P and M-L directions) and TAR models made
of Ti-6Al-4V alloy have shown higher contact stress values. Maximum contact stress
values observed during M-L shear load are less when compared with contact stresses
observed during A-P shear loading in all the TAR models. But the average contact stress
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values under M-L shear loading are slightly higher when compared with average contact
stress values under A-P shear loading. Maximum contact surface stresses in the liner were
observed at the point of maximum shear load applied (i.e. in both A-P and M-L directions)
as shown in figure 7.11.

Figure 7.11 Maximum Contact stresses in TAR models under shear loading

Under shear loading in M-L direction, N2 model have shown higher maximum contact
stresses when compared with other TAR material models respectively. Average contact
stress values are higher in N4 model in A-P direction, and TAR models N1 and N2 have
shown higher average contact stress values in M-L direction. N4 Ti alloy model have
shown higher maximum (0.384 MPa) and average (0.010 MPa) contact stress values in AP direction when compared with other TAR material models as shown in figure 7.11. Under
shear loading, N2 Ti alloy have shown maximum (0.311 MPa) and average (0.011 MPa)
contact stress values in M-L direction when compared with other TAR material models as
shown in figure 7.12.
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Figure 7.12 Maximum contact stresses in N4 Ti alloy model under A-P shear loading (Left) and N2 Ti
alloy model under M-L shear loading (Right).

Changes in the von Mises and contact stresses during stance phase of the gait cycle under
shear loading in both A-P and M-L directions can be seen in figure 7.13.

Figure 7.13 von Mises and contact stress contours in N1 Ti alloy model through the stance phase of the gait
cycle when subjected to shear load in A-P and M-L directions
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From figure 7.13, it can be observed that stresses are transferred between anterior and
posterior sides in case of A-P shear loading and in case of M-L shear loading these are
transferred between medial and lateral sides of the TAR liner. Under shear loading,
significant amount of von Mises and contact stresses are generated on the articulating
surface of the liner when compared to the bottom/fixation surface. Maximum von Mises
surface, sub-surface, and cross-sectional stresses observed across the entire liner
component of respective TAR models for different materials under torsion loading are
provided in table 7.5.
Table 7.5 Maximum and average von Mises stress data under torsion load

Model

N1
N2
N3
Rotation
Rotation
Rotation
o
o
o
o
o
o
o
5
10
15
5
10
15
5
10o 15o
Maximum von Mises Surface Stress (MPa)

Co-Cr-Mo 0.511
0.515
SS
Ti-6Al-4V 0.515

44.37
49.10
48.38

188.4
188.9
191.4

0.204
0.204
0.204

41.72
40.62
41.03

239.2
240.7
239.5

0.683
0.682
0.682

80.34
80.23
80.44

210.6
208.8
207.8

5o

N4
Rotation
10o
15o

0.536
0.536
0.536

31.91
31.44
32.61

150.7
151.2
150.7

11.02
10.94
11.16

43.91
43.72
43.34

31.91
31.44
32.61

150.7
151.2
150.7

31.91
31.44
32.61

150.7
151.2
150.7

1.663
1.637
1.701

8.798
8.752
8.727

Maximum von Mises Sub Surface Stress (MPa)
Co-Cr-Mo 0.023 10.36 49.77 0.024 15.46 69.91 0.016 27.77 70.96 0.042
0.076 10.27 47.74 0.024 14.96 70.35 0.016 27.82 70.44 0.042
SS
Ti-6Al-4V 0.076 10.08 48.23 0.024 14.97 70.09 0.016 28.06 70.36 0.042
Maximum von Mises Cross-sectional Stress (MPa)
Co-Cr-Mo 0.589 44.37 188.4 0.156 50.45 239.2 0.710 102.6 210.6 0.860
0.766 49.10 188.9 0.156 49.02 240.7 0.710 102.4 208.8 0.860
SS
Ti-6Al-4V 0.765 48.38 191.4 0.156 49.44 239.5 0.709 102.7 207.8 0.860
Maximum von Mises Stress across the bearing component (MPa)
Co-Cr-Mo 0.589 44.37 188.4 0.204 50.45 239.2 0.710 102.6 210.6 0.860
0.766 49.10 188.9 0.204 49.02 240.7 0.710 102.4 208.8 0.860
SS
Ti-6Al-4V 0.765 48.38 191.4 0.204 49.44 239.5 0.709 102.7 207.8 0.860
Average von Mises Stress across the bearing component (MPa)
0.017
1.450 8.439 0.015 1.711 9.035 0.028 4.863 13.85 0.013
Co-Cr-Mo
0.011 1.255 7.698 0.015 1.633 9.092 0.028 4.863 13.74 0.013
SS
Ti-6Al-4V 0.010 1.233 7.779 0.015 1.652 9.047 0.028 4.863 13.67 0.013

In all the TAR models, von Mises stress values (surface, sub-surface, cross-sectional, and
gross stresses) were increased in the liner under torsion load with increase in the degrees
of rotation. In most of the cases, TAR models made with SS alloy have shown low von
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Mises stress values at lower degree of rotation and with increase in the degree of rotation,
TAR models made of Co and Ti alloys have shown lower von Mises stress values.
Maximum von Mises stresses in the liner were observed at the point of maximum torsion
load applied as shown in figure 7.14.

Figure 7.14 Maximum von Mises stresses in TAR models under torsion loading

At higher degrees of rotation (10o and 15o), N4 TAR model have shown lower maximum
surface, maximum cross-sectional, and maximum gross stress values when compared with
other models. At sub-surface level, N3 model have shown higher maximum stress values
when compared with other models under torsion load at 10o and 15o degrees of rotation.
Maximum von Mises stresses occurred at cross-sectional level in N1, N3 and N4 TAR
models and in case of N2 model these stresses occurred at surface level. At 5o rotation, N4
models have shown higher maximum gross stress values when compared with other models
and higher average gross stress values are observed in N3 model at different degrees of
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rotation (5o, 10o and 15o). Under torsion loading at 15o rotation, N2 SS alloy model has
shown higher values (240.7 MPa) for maximum surface, maximum cross-sectional and
maximum gross stresses when compared with other TAR material models as shown in
figure 7.15. N3 Co alloy model have shown higher maximum sub-surface (70.96 MPa) and
average gross stress (13.85 MPa) values when compared with other TAR material models
at 15o rotation as shown in figures 7.16 and 7.17.

Figure 7.15 Maximum surface and gross von Mises stresses in N2 SS alloy model under torsion load at 15 o
rotation.

Figure 7.16 Maximum sub-surface von Mises stresses in N3 Co alloy model under torsion load at 15 o
rotation.
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Figure 7.17 Maximum cross-sectional von Mises stresses in N2 SS alloy model under torsion load at 15 o
rotation.

In addition to maximum von Mises stress values, maximum and average contact stresses
were derived for calculating wear rate in the liners. Maximum contact stress values
observed in the liner under torsion loading at different degrees of rotation are provided in
table 7.6.
Table 7.6 Maximum and average contact stress data under torsion load

TAR

Material

Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
N2
SS
Ti-6Al-4V
Co-Cr-Mo
N3
SS
Ti-6Al-4V
Co-Cr-Mo
N4
SS
Ti-6Al-4V
Average
N1

5o rotation
Maximum Average
0.586
0.024
0.605
0.013
0.606
0.013
0.230
0.006
0.208
0.006
0.201
0.006
0.384
0.009
0.384
0.009
0.384
0.009
1.083
0.013
1.083
0.013
1.084
0.013
0.569
0.011

Contact Stress (MPa)
10o rotation
Maximum Average
60.20
1.390
51.16
0.971
50.17
0.954
183.90
2.834
178.4
2.764
179.3
2.721
175.24
5.468
175.00
5.451
175.50
5.481
87.64
1.818
86.77
1.782
90.42
1.856
124.47
2.790
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15o rotation
Maximum Average
429.00
7.724
463.61
6.150
463.90
6.221
494.50
12.687
497.20
12.812
491.01
12.781
599.90
14.465
592.50
14.371
589.61
14.288
366.90
8.442
367.94
8.388
366.93
8.359
476.91
10.55

In all the TAR models, contact stress values were increased in the liner under torsion load
with increase in the degrees of rotation. In most of the cases, TAR models made with SS
alloy have shown less contact stress values at lower degree of rotation (5 o and 10o) and
with increase in the degree of rotation (15o), TAR models made of Co and Ti alloys have
shown lower contact stress values. Maximum contact stresses in the liner were observed at
the point of maximum torsion load applied as shown in figure 7.18.

Figure 7.18 Maximum contact stresses in TAR models under torsion loading

At 5o rotation angle, N4 models have shown higher maximum contact stress values and N2
models have shown lower contact stress values (i.e. both maximum and average) when
compared with other TAR models. N1 models have shown lower contact stress values
when compared with other TAR models at 10o rotation during torsion loading. Comparing
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with other material models, N3 Co alloy model have shown higher maximum (599.37 MPa)
and average (14.465 MPa) contact stress values at 15o rotation under torsion load as shown
in figure 7.19.

Figure 7.19 Maximum contact stresses in N3 Co alloy model under torsion load at 15 o rotation.

Changes in the von Mises and contact stresses during stance phase of the gait cycle under
torsion loading at 15o rotation can be seen in figure 7.20. Under torsion loading, significant
amount of von Mises and contact stresses are generated on the bottom surface of the liner
when compared to top surface. No change in the stress values can be observed in the liner
component during the stance phase of the gait cycle once the torsion load on the TAR
reaches minimum value (i.e. unloading phase). Under torsion loading, with increase in the
degree of rotation, there is a significant increase in the amount of stresses generated on the
bottom surface of the liner.
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Figure 7.20 von Mises and contact stress contours in N1 Ti alloy model through the stance phase of the gait
cycle under torsion load at 15o rotation.

It can be observed that in case of both maximum von Mises and contact stress values there
is an increase in the stress values with an increase in degrees of rotation. A linear regression
equation was generated using JMP software to approximate mean contact stress values at
different rotation angles in second generation WSU TARs as shown in figure 7.21.

Figure 7.21 Mean contact stress approximation at different rotation angles in all TAR models
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Surface, sub-surface, cross-sectional and gross stresses observed in TAR models during
dynamic loading conditions are provided in table 7.7.
Table 7.7 Maximum and average von Mises stress data under dynamic load

Model
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V

N1
N2
N3
Maximum Surface von Mises Stress (MPa)
42.83
40.72
31.50
43.08
40.74
33.70
42.94
40.77
33.33
Maximum Sub-surface von Mises Stress (MPa)
25.00
25.54
9.48
25.20
25.63
9.48
25.34
25.69
9.59
Maximum Cross-sectional von Mises Stress (MPa)
58.20
40.72
33.73
58.45
40.74
33.70
58.25
40.77
33.33
Maximum Gross von Mises Stress (MPa)
58.20
40.72
33.73
58.45
40.74
33.70
58.25
40.77
33.33
Average Gross von Mises Stress (MPa)
6.972
6.513
6.057
6.971
6.513
6.045
7.012
6.512
6.049

N4
53.32
53.32
53.36
12.24
12.24
12.28
59.81
59.81
59.86
59.81
59.81
59.86
6.881
6.881
6.884

Unlike shear and torsion loading conditions, not a significant difference was observed
between the materials for von Mises stress values under dynamic load. In majority cases,
Ti alloy (N1, N2 and N4) showed higher surface and sub-surface stresses when compared
with other metals. For maximum surface, sub-surface, cross-sectional and gross von Mises,
CoCr alloy showed lower values when compared to other metals. SS alloy showed lower
values for average gross von Mises stress. Maximum von Mises stresses in the liner were
observed at 40-60% of the gait cycle in N1, N2 and N4 models, whereas N3 model showed
maximum stresses during 20-40% of the gait cycle as shown in figure 7.22.
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Figure 7.22 Maximum von Mises stresses observed during gait in TAR models under dynamic load

When compared between the TAR models, N4 model showed higher von Mises stress
values in most cases (surface – 53.36 MPa, cross-sectional – 59.86 MPa, average gross –
6.88 MPa) as shown in figure 7.23, and N3 model showed lower values (surface – 33.33
MPa, sub-surface – 9.59 MPa, cross-sectional – 33.33 MPa, average gross – 6.04 MPa).
For sub-surface stresses N2 model showed higher values (25.69 MPa) when compared to
other TAR models as shown in figure 7.24. For all models, maximum von Mises stresses
occurred at cross-sectional level.
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Figure 7.23 Maximum cross-sectional von Mises stresses in N4 Ti alloy model under dynamic load

Figure 7.24 Maximum sub-surface von Mises stresses in N2 Ti alloy model under dynamic load

Contact stresses observed in TARs during dynamic loads are provided in table 7.8. Mixed
results were observed between material models for maximum contact stress values. Models
with CoCr alloy showed higher average contact stress values in most cases when compared
to other material models, and Ti alloy models showed lower average contact stress values
in most cases.
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Table 7.8 Maximum and average contact stress data under dynamic load

Contact Stress (MPa)
TAR
N1

N2

N3

N4

Material

Maximum
177.0
175.6
176.7
131.6
131.7
131.8
88.77
88.39
88.51
146.9
147.0
146.4
135.8

Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Average

Average
3.602
3.606
3.646
4.396
4.394
4.388
3.879
3.871
3.868
3.965
3.965
3.962
3.961

Unlike von Mises stress values, maximum contact stresses were observed during 40-60%
of the gait cycle in all models as shown in figure 7.25.

Figure 7.25 Maximum contact stresses observed during gait in TAR models under dynamic load
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Higher values for maximum contact stress were observed in N1 model (177 MPa) as shown
in figure 7.26, and N3 model showed lower values (88.39 MPa) when compared to other
models. However, the average contact stress values obtained for N3 models were higher
than stress values observed in respective N1 models. For average contact stresses, N2
model showed higher values (4.396 MPa) , and N1 model showed lower values (3.602
MPa).

Figure 7.26 Maximum contact stresses in N1 Co alloy model under dynamic load

Changes in the von Mises and contact stresses during stance phase of the gait cycle under
dynamic loads can be seen in figure 7.27. From figure 7.27, it can be observed that the
significant amount of von Mises stresses and contact stresses were generated on the bottom
surface of the liner component when compared to top surface. However, models N1 and
N4 showed maximum contact stress values on top surface of the liner component.
Yearly wear rates were determined based on the contact stress values observed in the liners
under three different loading conditions applied in this study. Average contact stress values
obtained from FEA results for shear, torsion and dynamic loads were substituted in eq. 7.1
to determine the wear rate and these values are provided in table 7.9.
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Figure 7.27 von Mises and contact stress contours in N1 Co alloy model through the stance phase of the
gait cycle under dynamic load.

Significant amount of wear can be observed under torsion load at higher degrees of rotation
as shown in figure 7.28. It can be observed that the amount of wear generated through shear
load in A-P and M-L directions, and torsion load at lower degrees of rotation is very less.
N3 Co alloy model has shown higher amount of wear rate under torsion when compared
with other TAR material models at 15o rotation and N1 SS alloy have shown less amount
of wear rate. A linear regression equation was generated to determine mean wear rate at
different rotation angles based on obtained results. Models under dynamic loads showed
lower wear rate values when compared to values obtained for torsion load at 15o rotation.
N2 models showed higher wear rates, and N1 models showed lower wear rates when
compared to other TAR models under dynamic loads. The average wear rate obtained
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across all the TAR devices under dynamic loads is lower than average wear rate value
obtained at 10o rotation under torsion load.
Table 7.9 Yearly wear rates of the liners under shear, torsion and dynamic loads

Yearly wear rate (
Model

N1
N2

N3

N4

Material

Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Co-Cr-Mo
SS
Ti-6Al-4V
Average

Shear Load
Direction
A-P
M-L
-12
7.08×10
13.8×10-12
7.09×10-12
23.94×10-12
57.04×10-12 148.28×10-12
7.08×10-12
13.8×10-12
13.85×10-12
23.94×10-12
81.21×10-12 148.28×10-12
7.08×10-12
13.8×10-12
13.85×10-12
23.94×10-12
81.21×10-12 111.41×10-12
7.08×10-12
7.08×10-12
23.94×10-12
23.94×10-12
111.41×10-12 111.41×10-12
34.82×10-12
55.30×10-12

𝐦𝐦𝟑
𝐲

)

Torsion Load*
Rotation
o
5
10o
-12
3060×10
0.0004
-12
487×10
0.0002
-12
489.4×10
0.0001
-12
47.82×10
0.0050
-12
47.88×10
0.0046
-12
48.12×10
0.0044
-12
161.4×10
0.0362
-12
161.6×10
0.0360
-12
162.4×10
0.0366
-12
486.4×10
0.0012
-12
487×10
0.0012
-12
489.4×10
0.0014
-12
510.7×10
0.0106

Dynamic
15o
0.102
0.051
0.053
0.452
0.466
0.465
0.670
0.658
0.650
0.133
0.130
0.130
0.330

0.0052
0.0052
0.0054
0.0094
0.0094
0.0094
0.0065
0.0064
0.0064
0.0069
0.0069
0.0069
0.0070

*Contact stress values observed under torsion load in clockwise direction were used as stress values in anticlockwise direction to calculate the yearly wear rate in WSU TARs

Figure 7.28 Mean wear rate approximation at different rotation angles in all TAR models
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Fixed bearing
von Mises and contact stresses observed across the entire liner component of fixed bearing
TAR model under torsion loading at different angles of rotation are provided in table 7.10.
Table 7.10 von Mises and Contact stress data under torsion load in fixed bearing TAR model N1

Angle of
Rotation
5o
10o
15o

von Mises Stress (MPa)
Maximum
Average
151.35
7.4
338.65
17.9
525.02
27.5

Contact Stress (MPa)
Maximum
Average
259.3
12
687.8
34
915.61
36

In the fixed bearing TAR model, both von Mises and contact stress values were increased
in the liner under torsion load with increase in the degree of rotation. Maximum von Mises
stresses in the liner were observed at the point of maximum torsion load applied as shown
in figure 7.29. When compared with mobile bearing von Mises stress values, stress values
observed in respective fixed-bearing TAR model are significantly very high.

Figure 7.29 Maximum von Mises stress in N1 CoCr alloy fixed bearing model through the stance phase of
the gait cycle under torsion load at different degrees of rotation.

218

Maximum von Mises stress value has increased significantly from 151.35 MPa at 5o
rotation to 525.02 MPa at 15o rotation. Similar trend can be observed with average von
Mises stresses where stress values of 7.4 MPa and 27.5 MPa were observed at 5 o and 15o
rotation respectively. In addition to von Mises stress values, maximum and average contact
stresses were derived under torsion loading at different degrees of rotation and these values
are provided in table 7.10. Maximum contact stress value of 951.61 MPa was observed at
15o rotation in fixed bearing TAR model as shown in the figure 7.30. The obtained contact
stress values are significantly very high when compared with stress values observed in
mobile bearing model. Similar trend can be observed with average contact stress values,
where stress value of 36 MPa was observed at 15o rotation which is very high when
compared with 7.724 MPa observed in mobile bearing model. Unlike in mobile bearing
model, there is no interaction between the tibial component and liner, resulting in no
contact stresses on the liner’s top surface in the fixed bearing model.

Figure 7.30 Maximum Contact stress in N1 CoCr alloy fixed bearing model under torsion load at 15 o
rotation.
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Discussion
In this study, the liner in the Ti-6Al-4V model experienced stresses approximately twice
when compared with the liner in TAR model made with Co-Cr-Mo alloy. This shows that
the Ti-6Al-4V alloy has less resistance towards shear forces in both directions when
compared with other models and these observations are supported by the study done by
Long (1998) where Ti-base alloys have shown lower shear strength compared with
stainless steel and Cobalt-base alloys. Since the shear load in A-P direction is higher than
the shear load in M-L direction, it can be observed that the maximum contact stress values
under A-P shear loading are higher than the maximum contact stress values obtained under
M-L shear loading. Under torsion load, the stress values increased with an increase in the
degree of rotation. At lower degree of rotation, the contact stress values are very low and
we can observe slight changes between these values at each increment of the gait cycle.
Since the condylar structures of the talar component constraints the excessive torsion, i.e.
higher degree of rotation, greater amount of stresses are generated on the fixation surface
of the liner when compared with articulating surface. Unlike shear and torsion loads, very
minimal difference was observed between stress values obtained for different material
models. Therefore, under dynamic loads, material type did not show any effect. For most
cases, the maximum stresses were observed during 40-60% of the gait cycle, where the
compressive load acting on these models reach to its peak value, and there is an increase
in flexion and rotation. This shows that axial load plays a significant role in affecting the
von Mises and contact stresses when compared to other loads (translation, flexion and
rotation) under dynamic loading. Although, N3 model showed lower values for maximum
gross von Mises and contact stresses when compared to other models, the obtained gross
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average values were comparable to other TAR models. Variation in the liner stress values
between the WSU TAR models can be explained by difference in the geometry of talar and
tibial components.
With reference to maximum von Mises stresses, sub-surface level stresses are higher under
shear loading when compared with torsional and dynamic loading. The TAR models under
torsion have shown significantly greater contact stress values when compared with contact
stress values obtained under shear load and dynamic load. But the maximum contact stress
values obtained at 10o torsional load (~125 MPa) were comparable to values (~135 MPa)
obtained under dynamic loading conditions. However, the average contact stress values
(~4 MPa) were higher than average values (~2.8 MPa) obtained at 10o torsion load. One of
the potential limitations of the study involves applying tangential contact behavior for
determining the wear characteristics of TARs instead of applying Elastohydrodynamic
lubrication (EHL theory). In this study, the same metallic material was considered for both
talar and tibial components instead of applying different material combinations (e.g. Ti6Al-4V tibial component and Co-Cr-Mo talar component). Wear rate equation used in this
study is based on Hertzian contact theory, which can only be applied for non-conformal
contact conditions. From figure 7.5, it can be observed that applying Hertzian contact
theory for conformal contact conditions results in higher contact stresses when compared
with other contact theories, thereby predicting higher wear rates. Compared with Zachary
and Persson models, modified To model considered dissimilar material properties and
Dundur’s parameters to determine the contact stresses accurately.
Comparing the results obtained in this study under different loading conditions (shear,
torsion and dynamic) with the results under axial loading (Elliot et al., 2014), we can
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observe a significant difference between the obtained maximum contact stress values in
these two studies as shown in figure 7.31.

Figure 7.31 Maximum contact stress comparison in WSU TARs under different loading types

Maximum contact stresses obtained under torsion (10o and 15o) and dynamic loads showed
higher values when compared to stress values obtained under axial load. But shear and
torsion (5o) showed very minimal stress values when compared to other loading cases. In
this study, the average contact stress values ranged from 0.004 to 0.011 MPa under shear
loading, 6 to 14 MPa under torsion loading (15o), and 3.602 to 4.396 MPa under dynamic
loading as shown in figure 7.32.

Figure 7.32 Average contact stress comparison in WSU TARs under different loading types
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The obtained contact stress values in this study are comparable to the contact stresses
values taken from other studies with few differences in loading conditions and the results
have ranged from 5.7 to 27 MPa (Miller et al., 2004; Nicholson et al., 2004; Regianni et
al., 2006; Fukuda et al., 2010; Fryman, 2011). From figure 7.2 we can observe that, under
shear and torsion loads, ankle joint is exposed to a force of approximately twice the body
weight which is comparatively much lower than dynamic loading, which involves axial
compressive load (constitutes a force about five times the body weight), translation,
rotation and flexion movements as shown in figure 7.3. This confirms that under shear and
torsion loads, TAR is exposed to stresses lower than the stresses under dynamic loading
conditions.
An average of 476.91 MPa and 135.8 MPa for maximum contact pressure was observed
under torsion at 15o and dynamic load, respectively. These values are significantly higher
than the average value of 77.88 MPa observed under axial loading (Elliot et al., 2014). This
shows that in addition to the load acting on the ankle joint, rotation angle also plays a
significant role in affecting the peak contact stress values. In addition, peak forces occur
over a long period of gait cycle in case of axial loading when compared with shear and
torsion loading and we can observe this from figures 7.2 and 7.3. From the literature, it was
found that the wear rates generated for different TARs at different loading conditions
ranged from 3.4 to 19.6 (mm3/Mc) (Lewis, 2001). Considering two million cycles per year
as an average patient walking activity these wear rates could range from 6.8 to 39.2
(mm3/yr) (Silva et al., 2002; Affatato et al., 2007; Bell et al., 2007; Postak et al., 2008;
Fryman, 2011).
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Fixed bearing TAR model have shown very high von Mises and contact stress values when
compared with mobile bearing TAR. In case of three component WSU TAR model there
is a radial clearance for tibial component to rotate over the bearing for certain degrees
without forcing it as shown in the figure 7.33. This clearance between the tibial component
and bearing causes the liner to rotate very few degrees than applied rotation angle resulting
in lower stress values. Whereas, in case of fixed bearing TAR the liner is forced to rotate
by the tibial component from the starting point of the torsion angle. This phenomenon can
be evident from figure 7.29 where stress values got increased at initial stages of gait cycle
with increase in the degree of rotation causing the liner to expose to higher stress values at
lower degree of rotation when compared with mobile bearing TAR.

Figure 7.33 Traditional design of N1 TAR model showing clearance between tibial component and bearing

Since shear loads does not show significant effect in generating contact stresses in the
bearing component when compared with torsion loads, by applying both the loads
dynamically, the obtained contact stress values will be similar to torsion case results. Few
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studies showed contact stresses exceeding 10 MPa causing earlier failure of the implant
(Fryman, 2011). Studies by Regianni (2006) and Lu (2007) showed a total range of 8o -10o
for internal-external rotation during stance phase of the gait cycle, and other studies applied
a total range of 3o-5o for rotation under dynamic load (Smyth et al., 2017), (Kincaid et al.,
2013), ASTM F2665-09(2014). In this study, a rotation angle of 15o was used to apply the
torsion load for determining the contact stresses and yearly wear rate which results in
higher contact stresses and wear values than values obtained for dynamic loading. Based
on prediction expression from figure 7.28, the contact stress values at lower degrees of
rotation are predicted and provided in table 7.11.
Table 7.11 Predicted contact stress values at lower degree of rotation

Rotation
6o
8o
10o

Average contact stress (MPa)
0.234
2.343
4.453

It can be observed that contact stress values are 2.3 MPa and ~4.5 MPa at 8o and 10o
rotation angles respectively. These contact stress values are below 10 MPa, and by
considering the geometry parameters of the TAR components and optimizing the
parameters (e.g. reducing the talar component condylar thickness provides more clearance
to the liner component to rotate over fixation surface) based on stress values could help in
minimizing the contact stresses even below 4.5 MPa. Considering 3o-5o rotation angle for
torsion load (as observed in case of dynamic loading), the resultant contact stress values
will be very minimal, about 0.1 MPa.
When compared with the mobile bearing model, the fixed bearing model has an advantage
of no contact stresses on the liner’s top surface. The clearance between the tibial component
and the liner in case of mobile bearing has shown significant change in the stress values
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which is an important feature to consider for deriving lower contact stress values. The stress
values obtained in these two cases shows huge difference as shown in figure 7.34. Since
there is radial clearance between the liner and tibial component in other WSU TAR models,
similar results can be expected with their respective fixed bearing models. But to
completely understand the effect of fixed bearing on the contact stresses, there is a need to
conduct studies with other TAR models which will be shown in future work. By conducting
dynamic analysis, considering Elastohydrodynamic lubrication (EHL) theory would help
in characterizing the wear behavior accurately.

Avg. Contact Stress (MPa)

40
35
30
25
20

Mobile Bearing

15

Fixed Bearing

10

5
0
5

10

15

Rotation Angle (Deg)
Figure 7.34 Comparison of average contact stress values between Mobile bearing and Fixed bearing TAR
models at different degrees of rotation.
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Chapter 8: Summary, Conclusions and
Future work
Due to the complex nature of the ankle joint, most studies have not fully described the
failure mechanisms associated with these devices, the fundamental role of ligaments in
joint mobility and biomechanics of TAR devices. This study provides a computational
approach to address these key research questions. Case studies involving failure of an ankle
arthrodesis nail, and two total ankle replacement devices (TAR) which are commonly used
in the US were investigated. Such analysis provides us valuable information about
damage/failure modes associated with these devices, thereby contributing to the prevention
of future failures. Failure modes were identified by conducting fractography analysis and
the role of oxidation in affecting the strength of the device was determined. Using FEA,
numerical analysis, and 3D modeling (at the surface and sub-surface level), the failure
scenarios in these devices were validated. Based on obtained results, there is a clear
evidence that both the axial and torsion loads acting on the ankle joint play a major role in
affecting the life of the implant, whereas other biomechanical and clinical factors would
accelerate the failure process.
Another key objective of this research was to understand the role of ankle joint morphology
on joint kinematics. By conducting a morphometric evaluation of the joint, differences
between males and females was identified for the obtained parameters, and the correlation
between tibia and talus morphological parameters was determined. Size comparison
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between TAR devices and the obtained parameters showed that most of the TAR devices
in the market do not fit properly, thereby compromising the biomechanics of replaced joint.
Therefore, regression expressions were derived by relating morphological parameters to
predict tibia parameters based on talus parameters, and vice versa. In addition to ankle
morphology, to understand the role of ligaments in joint mobility, a novel linkage assembly
model was developed by using passive imaging data. Based on the results, it was observed
the ligament arrangement played a significant role in affecting the articulation between
tibia and talus, resulting in two different paths of motion. By relating ligament parameters
with morphological parameters, one could predict the joint path of motion. The results
obtained from these studies could help in deriving morphological parameters based on
ligament parameters, thereby designing a subject-specific device or developing TARs with
different sizes that fit a wider range of the population.
Geometric features such as radial clearance between the tibia and bearing components
helped in reducing the stresses under torsion loads, whereas the condylar structures on the
talar component constrained the excessive rotational movement resulting in higher contact
stresses. Among a few elements, it was observed that the peak stresses have exceeded the
strength of the material. But the average peak stresses in the bearing component and yearly
wear rates obtained were found to be within the recommended limit, and comparable to
existing TAR devices in the market.
The methodologies adopted in this study helped to solve critical questions related to ankle
joint kinematics and device biomechanics. This study provides a pathway for the
development of newer generation total ankle replacement devices with better kinematics
and survivability when compared to previous generation replacement devices. Research
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findings related to failure mechanisms of ankle devices, effect of morphology on joint
kinematics, and biomechanics of TAR devices were detailed in following sections.

Mechanisms of Failure
TAR Devices (STAR and Agility)
This study elucidates the failure of TAR devices were due to the following factors
involving both clinical and biomechanical parameters.
-

Oxidation index of in vivo exposed liners increased with time of exposure. Higher
oxidation indices are associated with a loss in tensile strength of the liners observed
for STAR and Agility liners. It is likely that oxidation of the liner causes the surface
and sub-surface embrittlement of the liner resulting in spall-off, crater and
exfoliated regions.

-

Presence of surface ripples that are associated with micro-fatigue process shows the
STAR liner was exposed to repeated loading resulting in stress-induced fatigue.

-

Force and stress development in the liner is a function of body weight and activity
level. Obesity may have contributed to premature failure of the device.

-

Excessive torsion produced at the joint due to mal-alignment generated higher shear
and compressive stresses at the groove region resulting in shear fracture.

-

Since the Agility device maintained structural integrity, widespread scratches,
shear bands, wear track, adhesive wear particles and wear caused the clinical
failure.

-

There was a lack of proper bony ingrowth to provide adequate fixation and
stability in of the Agility device.
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Effect of Joint Anatomy and Ligament Structures
The present study used both CT and MRI data to analyze morphological characteristics of
the ankle joint by developing 3D models of tibia and talus. No significant difference was
observed between CT and MRI models for measuring majority of morphological
parameters, but care should be taken while processing MRI data to eliminate artefacts. The
obtained results justified to model the talus as a skewed truncated cone with its apex aligned
towards lateral side. The obtained morphological parameters in this study did not fit with
the majority of existing TAR devices, and the dimensions of WSU TARs are very high
compared with other TARs, and do not fall within IQR range for most parameters. A
significant relationship was observed between tibia and talus for parameters like width and
sagittal radius. Therefore, predicting the morphology of tibia based on talus parameters,
and vice versa. The obtained results from this study helps in designing the optimum size,
implantation and development of a novel TAR device.
In this study, conceptual knowledge of ankle joint kinematics from 2D bone models was
extended to 3D models by using passive imaging data. Ligament arrangement with doublecrank type mechanism (models M1 and M2) generates the same path of motion of articular
contact during flexion whereas triple-rocker arrangement (models M3 and M4) of
ligaments results in different paths. Contact points that were fitted with a circle fit produced
mixed results. In case of good fitting conditions (for models M1, M3 and M4) we could
derive radius of curvature values (Rp). Whereas in case of model M2, the limited
articulation between the talus and the tibia resulted in very few contact points therefore, no
curvature values (Rp) due to lack of proper fitting conditions. From this study, it can be
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concluded that, in addition to the role of articular surfaces in guiding the joint motion,
ligament arrangement plays a significant role in affecting the path of motion.

Biomechanics of TAR Devices
This study elucidates wear characteristics of TARs under shear, torsion and dynamic loads.
Stress analysis showed that material type did not play a significant role in the development
of contact stresses under torsion and dynamic loads. In addition to the load acting on the
ankle joint under torsion, angle of rotation plays a significant role in affecting the von
Mises and peak contact stress values. Based on the obtained results, wear generated during
dynamic loading is greater than that generated with shear and torsion loads. When
compared with other contact theories, modified To model determined contact stresses
accurately for conformal contact conditions considering dissimilar material properties for
talar and bearing components. Results obtained in this study suggest that considering
mobile bearing instead of fixed bearing could help in significantly reducing the contact
stress in TARs. Initial results obtained in this study for fixed bearing model could help us
to conduct further studies to better understand the wear characteristics of fixed bearing
TARs. From this study, it can be concluded that shear and torsion loads acting on the ankle
joint during gait plays a major role in affecting the contact stresses but the axial load
component (in the dynamic loading conditions) plays a more significant role in generating
wear.

Future Directions
Although the models in the present study were able to replicate the joint kinematics under
passive conditions, imaging data under weight-bearing conditions could help in better
understanding of joint kinematics under dynamic loads. The linkage mechanism used in
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this study considered only two ligaments, and assumed them as rigid bodies to replicate
flexion motion. But the ligaments are extensible by nature, and show slackness under no
loads. To determine the joint kinematics accurately, a probabilistic model is required.
Probabilistic modeling involves a) material property assignment (density values based on
Hounsfield units - bone, visco-hyperelastic modeling - cartilage and ligaments) and b)
applying loads dynamically based on the Monte Carlo method. This helps in determining
the role of each ligament of the ankle joint complex and the articular surface in probability
of failure. Based on these results, a higher order compliant mechanism can be derived to
predict the tibia and talus curvature based on ligament parameters.
In this study, bone remodeling was not considered while applying loads to TARs. From
chapter 4, it can be observed that the Agility device failed prematurely due to lack of proper
bony ingrowth, involving higher shear forces and wear particles generated from the liner.
To completely understand this phenomenon, FEA has to be performed by implanting TAR
to the bone. The contact stresses at the implant-bone interface can be derived by applying
gait loads, and these values can be used to predict the change in bone density by applying
a bone remodeling law. Therefore, it helps in identifying the mechanical factors
contributing to bone loss or growth. Changes in bone density can be accurately estimated
by using wear rate values with the remodeling law. During total ankle arthroplasty, the
synovial capsule is preserved, therefore the total ankle replacement (TAR) device gets
lubricated. This causes synovial fluid to generate a positive pressure to balance the load
acting on the joint at the interface (Yousif et al. 2013). Replicating the synovial fluid
behavior in the total ankle replacement design is very important since the design should
work for different loading/pathological conditions, as fluid behavior changes based on
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shear rates. Incorrect component design due to poor understanding of the tribological
mechanisms and oversimplified lubricant behavior results in higher contact stresses, as
observed in this study. So, application of Elastohydrodynamic lubrication is necessary to
accurately determine the wear behavior of TAR devices. In this study, both tibial and talar
components are of the same material, but some of the existing TAR devices use different
material combinations (e.g. Ti alloy –tibial and Co alloy –talar). So, a wear characterization
analysis should be performed by considering different metals for tibial and talar
components.
For morphometric evaluation, only 22 patients’ data was used to develop 3D models. Even
with a wider age range and involving both the genders, the comparison between the
obtained results and the sizes of existing TAR devices showed a significant difference, and
most of these devices fit only to a very limited group of people. So, there is a need to collect
more data to predict proper TAR size configurations, and development of new designs
based on the obtained results is necessary to achieve an accurate fit size.
To develop 3rd generation WSU TARs, optimization of geometric parameters and proper
material selection is required based on results obtained in this study, probabilistic
modeling, bone remodeling, Elastohydrodynamic lubrication and morphometric evaluation
studies. Experimental wear study and cadaveric implantation studies are required to further
validate the performance of WSU TARs.

233

References
1.

Affatato, S., Leardini, A., Leardini, W., Giannini, S., & Viceconti, M. (2007).
Meniscal wear at a three-component total ankle prosthesis by a knee joint simulator.
Journal of biomechanics, 40(8), 1871-1876.

2.

Affatato, S., Taddei, P., Leardini, A., Giannini, S., Spinelli, M., & Viceconti, M.
(2009). Wear behaviour in total ankle replacement: A comparison between an in vitro
simulation and retrieved prostheses. Clinical Biomechanics, 24(8), 661-669.

3.

Ahsanizadeh, S., & Li, L. (2015). Strain-rate-dependent non-linear tensile properties
of the superficial zone of articular cartilage. Connective tissue research, 56(6), 469476.

4.

Alhassan, S., & Goswami, T. (2008). Wear rate model for UHMWPE in total joint
applications. Wear, 265(1), 8-13.

5.

Allegra Orthopaedics. (2015). Hintegra® Total Ankle Replacement. Retrieved
November 05, 2017, from http://www.allegraorthopaedics.com/product/integrahintegra-total-ankle-replacement

6.

An, Y. H., & Draughn, R. A. (Eds.). (1999). Mechanical testing of bone and the boneimplant interface. Boca Raton, FL: CRC press.

7.

An, Y. H., & Martin, K. L. (Eds.). (2003). Handbook of histology methods for bone
and cartilage. New York, NY: Springer Science & Business Media.

8.

Anderson, D. D., Goldsworthy, J. K., Shivanna, K., Grosland, N. M., Pedersen, D.
R., Thomas, T. P., Tochigi, Y., Marsh, J.L., & Brown, T. D. (2006). Intra-articular
contact stress distributions at the ankle throughout stance phase–patient-specific
234

finite element analysis as a metric of degeneration propensity. Biomechanics and
modeling in mechanobiology, 5(2-3), 82-89.
9.

Anderson, D. D., Tochigi, Y., Rudert, M. J., Vaseenon, T., Brown, T. D., &
Amendola, A. (2010). Effect of implantation accuracy on ankle contact mechanics
with a metallic focal resurfacing implant. J Bone Joint Surg Am, 92(6), 1490.

10.

Ankle Roll Gaurd. (2016). Ankle Sprain Stats & Info. Retrieved November 02,
2017, from http://anklerollguard.com/ankle-sprain-stats--info.html

11.

Arthritis Research UK. "Foot and Ankle Surgery for Arthritis." Foot and Ankle
Surgery for Arthritis. Arthritis Research UK, June 2013. Web. 12 Jan. 2016.
www.arthritisresearchuk.org/~/media/Files/Arthritis-information/Surgery/2046Foot-and-ankle-surgery.ashx

12.

Ascent Physical Therapy. (2014). Exercise of the week: Towel inversion/eversion
stretch. Retrieved November 05, 2017, from
https://ascentpt.wordpress.com/2014/07/09/exercise-of-the-week-towelinversioneversion-stretch/

13.

Athanasiou, K. A., Niederauer, G. G., & Schenck, R. C. (1995). Biomechanical
topography of human ankle cartilage. Annals of biomedical engineering, 23(5), 697704.

14.

Azevedo, C. R. F. (2003). Failure analysis of a commercially pure titanium plate for
osteosynthesis. Engineering Failure Analysis, 10(2), 153-164.

15.

Azevedo, C. R. F., & Dos Santos, A. P. (2003). Environmental effects during fatigue
testing: fractographic observation of commercially pure titanium plate for craniofacial fixation. Engineering Failure Analysis, 10(4), 431-442.

235

16.

Azevedo, C. R. F., & Hippert, E. (2002). Failure analysis of surgical implants in
Brazil. Engineering Failure Analysis, 9(6), 621-633.

17.

Bae, J. Y., Park, K. S., Seon, J. K., & Jeon, I. (2015). Analysis of the effects of normal
walking on ankle joint contact characteristics after acute inversion ankle sprain.
Annals of biomedical engineering, 43(12), 3015-3024.

18.

Baena, J. C., Wu, J., & Peng, Z. (2015). Wear Performance of UHMWPE and
Reinforced UHMWPE Composites in Arthroplasty Applications: A Review.
Lubricants, 3(2), 413-436.

19.

Baldisserri, B., & Castelli, V. P. (2010). A new spatial kinematic model of the lower
leg complex: a preliminary study‖. In Proceedings of EUCOMES 2010, 3-rd
European Conference on Mechanism Science, Cluj-Napoca, Romania (pp. 295-302).

20.

Bandak, F. A., Tannous, R. E., & Toridis, T. (2001). On the development of an
osseo-ligamentous finite element model of the human ankle joint. International
Journal of Solids and Structures, 38(10), 1681-1697.

21.

Baravarian, B. (2011). Foot and Ankle Athletic Injuries, An Issue of Clinics in
Podiatric Medicine and Surgery-E-Book (Vol. 28, No. 1). Amsterdam, Netherlands:
Elsevier Health Sciences.

22.

Barnett, C. H., & Napier, J. R. (1952). The axis of rotation at the ankle joint in man.
Its influence upon the form of the talus and the mobility of the fibula. Journal of
anatomy, 86(Pt 1), 1.

23.

Bartel, A. F., & Roukis, T. S. (2015). Total ankle replacement survival rates based
on Kaplan-Meier survival analysis of national joint registry data. Clinics in podiatric
medicine and surgery, 32(4), 483-494.

236

24.

Bell, C. J., & Fisher, J. (2007). Simulation of polyethylene wear in ankle joint
prostheses. Journal of Biomedical Materials Research Part B: Applied Biomaterials,
81(1), 162-167.

25.

Bellmans, J., Ries, D. M., & Victor, M. J. (2005). Total Knee Arthroplasty: A Guide
to Get Better Performance. Heidelberg, Berlin: Springer-Verlag.

26.

Berkowitz, M. J., Sanders, R. W., & Walling, A. K. (2012). Salvage arthrodesis after
failed ankle replacement: surgical decision making. Foot and ankle clinics, 17(4),
725-740.

27.

Beyaert, C., Sirveaux, F., Paysant, J., Molé, D., & André, J. M. (2004). The effect of
tibio-talar arthrodesis on foot kinematics and ground reaction force progression
during walking. Gait & posture, 20(1), 84-91.

28.

Bhatt, H., & Goswami, T. (2008). Implant wear mechanisms—basic approach.
Biomedical Materials, 3(4), 042001.

29.

BIOMET (2000). Ankle Arthrodesis Nail Surgical Technique. Retrieved December
9, 2014, from
http://www.mafia.me.uk/mafia.me.uk/hindfoot_nails_files/biomethfn.pdf

30.

BIOMET (2013). Phoenix™ Ankle Arthrodesis Nail System Surgical Technique.
Retrieved October 25, 2014, from
http://www.biomet.com/trauma/getFile.cfm?id=2877&rt=inline

31.

Bischof, J. E., Spritzer, C. E., Caputo, A. M., Easley, M. E., DeOrio, J. K., Nunley,
J. A., & DeFrate, L. E. (2010). In vivo cartilage contact strains in patients with lateral
ankle instability. Journal of biomechanics, 43(13), 2561-2566.

237

32.

Blais, M. M., Green, W. T., & Anderson, M. (1956). Lengths of the growing foot.
The Journal of Bone and Joint Surgery, 38(5), 998-1000.

33.

Bono, J. V., & Scott, R. D. (2005). Revision total knee arthroplasty. Cham,
Switzerland: Springer.

34.

Boone, D. C., & Azen, S. P. (1979). Normal range of motion of joints in male
subjects. The Journal of Bone and Joint Surgery, 61(5), 756-759.

35.

Bozkurt, M., Apaydin, N., Gursoy, S., & Tubbs, R. S. (2015). Functional Anatomy
of the Ankle. In Sports Injuries (pp. 1743-1752). Heidelberg, Berlin: Springer.

36.

Bracco, P., & Oral, E. (2011). Vitamin E-stabilized UHMWPE for total joint
implants: a review. Clinical Orthopaedics and Related Research®, 469(8), 22862293.

37.

Brenner, E., Piegger, J., & Platzer, W. (2003). The trapezoid form of the trochlea tali.
Surgical and Radiologic Anatomy, 25(3-4), 216-225.

38.

Bronzino, J. (2000). Metallic Biomaterials. In The biomedical engineering handbook
(2nd ed., pp. 37-6). Boca Raton, FL: CRC Press.

39.

Brown, S. A., & Lemons, J. E. (Eds.). (1996). Medical applications of titanium and
its alloys: the material and biological issues (No. 1272). Phoenix, AZ: ASTM
International.

40.

Brown, S. A., Gilbertson, L. N., & Good, V. (2006). Wear of Articulating Surfaces:
Understanding Joint Simulation (No. 1472). ASTM International.

41.

Bugler, K.E., White, T.O., & Thordarson, D.B. (2011) Focus on Ankle Fractures. The
Journal of Bone and Joint Surgery, 94, 1107-1112.

238

42.

Burmann, P. F., Ruschel, H. C., Vargas, I. A., de Verney, J. C., & Kramer, P. F.
(2015). Titanium alloy orthodontic mini-implants: scanning electron microscopic and
metallographic analyses. Acta Odontológica Latinoamericana, 28(1), 42-47.

43.

Burnett, R. S. J., Biggerstaff, S., Currier, B. H., Collier, J. P., & Barrack, R. L. (2007).
Unilateral Tibial Polyethylene Liner Failure in Bilateral Total Knee Arthroplasty—
Bilateral Retrieval Analysis at 8 Years. The Journal of arthroplasty, 22(5), 753-758.

44.

Butler, A. M., & Walsh, W. R. (2004). Mechanical response of ankle ligaments at
low loads. Foot & ankle international, 25(1), 8-12.

45.

Caputo, A. M., Lee, J. Y., Spritzer, C. E., Easley, M. E., DeOrio, J. K., Nunley, J. A.,
& DeFrate, L. E. (2009). In vivo kinematics of the tibiotalar joint after lateral ankle
instability. The American journal of sports medicine, 37(11), 2241-2248.

46.

Carr, B. C., & Goswami, T. (2009). Knee implants–Review of models and
biomechanics. Materials & Design, 30(2), 398-413.

47.

Carter, D. R., & Hayes, W. C. (1977). The compressive behavior of bone as a twophase porous structure. The Journal of Bone and Joint Surgery, 59(7), 954-962.

48.

Cascade DaFo. (2017). Cascade Glossary. Retrieved November 05, 2017, from
https://cascadedafo.com/cascade-dafo-institute/glossary

49.

Cass, J. R., Morrey, B. F., & Chao, E. Y. (1984). Three-dimensional kinematics of
ankle instability following serial sectioning of lateral collateral ligaments. Foot &
ankle, 5(3), 142-149.

50.

Chang, K. H. (2016). Motion Simulation and Mechanism Design with SOLIDWORKS
Motion 2016. Mission, KS: SDC Publications.

239

51.

Charnley, J. (1951). Compression arthrodesis of the ankle and shoulder. Bone & Joint
Journal, 33(2), 180-191.

52.

Cheung, J. T. M., Zhang, M., Leung, A. K. L., & Fan, Y. B. (2005). Threedimensional finite element analysis of the foot during standing—a material
sensitivity study. Journal of biomechanics, 38(5), 1045-1054.

53.

Chinga, G., Johnsen, P. O., Dougherty, R., Berli, E. L., & Walter, J. (2007).
Quantification of the 3D microstructure of SC surfaces. Journal of microscopy,
227(3), 254-265.

54.

Ciavarella, M., & Decuzzi, P. (2001a). The state of stress induced by the plane
frictionless cylindrical contact. I. The case of elastic similarity. International Journal
of Solids and Structures, 38(26), 4507-4523.

55.

Ciavarella, M., & Decuzzi, P. (2001b). The state of stress induced by the plane
frictionless cylindrical contact. II. The general case (elastic dissimilarity).
International journal of solids and structures, 38(26), 4525-4533.

56.

Close, J. R. (1956). Some applications of the functional anatomy of the ankle joint.
The Journal of Bone and Joint Surgery, 38(4), 761-781.

57.

Coelho, P. G., Fernandes, P. R., Rodrigues, H. C., Cardoso, J. B., & Guedes, J. M.
(2009). Numerical modeling of bone tissue adaptation—a hierarchical approach for
bone apparent density and trabecular structure. Journal of biomechanics, 42(7), 830837.

58.

Conconi, M., Leardini, A., & Parenti-Castelli, V. (2015). Joint kinematics from
functional adaptation: A validation on the tibio-talar articulation. Journal of
biomechanics, 48(12), 2960-2967.

240

59.

Cooper, P. S. (2001). Complications of ankle and tibiotalocalcaneal arthrodesis.
Clinical orthopaedics and related research, 391, 33-44.

60.

Corazza, F., Leardini, A., O’connor, J. J., & Castelli, V. P. (2005). Mechanics of the
anterior drawer test at the ankle: the effects of ligament viscoelasticity. Journal of
biomechanics, 38(10), 2118-2123.

61.

Corazza, F., O’connor, J. J., Leardini, A., & Castelli, V. P. (2003). Ligament fibre
recruitment and forces for the anterior drawer test at the human ankle joint. Journal
of biomechanics, 36(3), 363-372.

62.

Corazza, F., Stagni, R., Castelli, V. P., & Leardini, A. (2005). Articular contact at the
tibiotalar joint in passive flexion. Journal of biomechanics, 38(6), 1205-1212.

63.

Corin Academy. (2015). The Zenith™ International Total Ankle Replacement
LAB. Retrieved November 05, 2017, from
http://www.coringroup.com/corin_corporate/news/zenith8/?feed=13

64.

Costa, L., Jacobson, K., Bracco, P., & del Prever, E. B. (2002). Oxidation of
orthopaedic UHMWPE. Biomaterials, 23(7), 1613-1624.

65.

Cotrim Ferreira, F. A., Quaglio, C. L., Peralta, R. P. V., Carvalho, P. E. G., &
Siqueira, D. F. (2010). Metallographic analysis of the internal microstructure of
orthodontic mini-implants. Brazilian oral research, 24(4), 438-442.

66.

Coughlin, Michael J., Saltzman, Charles L., & Mann, Roger A. (2014).
"Biomechanics of the Foot and Ankle." Mann's surgery of the foot and ankle. Ninth
ed. (pp. 3 -36). Philadelphia: Saunders. Print.

241

67.

Craik, J. D., Bircher, M. D., & Rickman, M. (2016). Hip and knee arthroplasty
implants contraindicated in obesity. The Annals of the Royal College of Surgeons of
England, 98(5), 295-299.

68.

Dalstrom, D. J., Nelles, D. B., Patel, V., Goswami, T., Markert, R. J., & Prayson, M.
J. (2012). The protective effect of locking screw placement on nonlocking screw
extraction torque in an osteoporotic supracondylar femur fracture model. Journal of
orthopaedic trauma, 26(9), 523-527.

69.

Daniels, T. R., Younger, A. S., Penner, M., Wing, K., Dryden, P. J., Wong, H., &
Glazebrook, M. (2014). Intermediate-term results of total ankle replacement and
ankle arthrodesis: a COFAS multicenter study. The Journal of Bone and Joint
Surgery, 96(2), 135-142.

70.

Daud, R., Kadir, M. R. A., Izman, S., Saad, A. P. M., Lee, M. H., & Ahmad, A. C.
(2013). Three-dimensional morphometric study of the trapezium shape of the
trochlea tali. The Journal of Foot and Ankle Surgery, 52(4), 426-431.

71.

de Asla, R. J., Wan, L., Rubash, H. E., & Li, G. (2006). Six DOF in vivo kinematics
of the ankle joint complex: Application of a combined dual‐orthogonal fluoroscopic
and magnetic resonance imaging technique. Journal of Orthopaedic Research, 24(5),
1019-1027.

72.

Dettwyler, M., Stacoff, A., Kramers-de Quervain, I. A., & Stüssi, E. (2004).
Modelling of the ankle joint complex. Reflections with regards to ankle prostheses.
Foot and ankle Surgery, 10(3), 109-119.

73.

Di Gregorio, R., Parenti-Castelli, V., O’Connor, J. J., & Leardini, A. (2004).
Equivalent spatial parallel mechanisms for the modelling of the ankle passive motion.

242

In ASME 2004 International Design Engineering Technical Conferences and
Computers and Information in Engineering Conference (pp. 679-688). American
Society of Mechanical Engineers.
74.

Di Gregorio, R., Parenti-Castelli, V., O’Connor, J. J., & Leardini, A. (2007).
Mathematical models of passive motion at the human ankle joint by equivalent spatial
parallel mechanisms. Medical & biological engineering & computing, 45(3), 305313.

75.

DiDomenico, L. A., & Groner, T. W. (2012). Intramedullary Nail Fixation for
Tibiotalocalcaneal Arthrodesis. In International Advances in Foot and Ankle Surgery
(pp. 453-465). London, UK: Springer.

76.

Doets, H. C., & Zürcher, A. W. (2010). Salvage arthrodesis for failed total ankle
arthroplasty: clinical outcome and influence of method of fixation on union rate in 18
ankles followed for 3-12 years. Acta orthopaedica, 81(1), 142-147.

77.

Donachie, M. J. (2000). Titanium: a technical guide (2nd ed., pp. 25-32). Materials
Park, OH: ASM international.

78.

Donnenwerth, M. P., & Roukis, T. S. (2013). Tibio-talo-calcaneal Arthrodesis with
Retrograde Compression Intramedullary Nail Fixation for Salvage of Failed Total
Ankle Replacement: A Systematic Review. Clinics in podiatric medicine and
surgery, 30(2), 199-206.

79.

Dreeben, O. (2007). Introduction to physical therapy for physical therapist
assistants. Sudbury, MA: Jones & Bartlett Learning.

80.

Dul, J., & Johnson, G. E. (1985). A kinematic model of the human ankle. Journal of
biomedical engineering, 7(2), 137-143.

243

81.

Easley, M. E., & Wiesel, S. W. (Eds.). (2010). Operative Techniques in Foot and
Ankle Surgery. Philadelphia, PA: Lippincott Williams & Wilkins.

82.

Edidin, A. A., Pruitt, L., Jewett, C. W., Crane, D. J., Roberts, D., & Kurtz, S. M.
(1999). Plasticity-induced damage layer is a precursor to wear in radiation-crosslinked UHMWPE acetabular components for total hip replacement. The Journal of
arthroplasty, 14(5), 616-627.

83.

Elliot, B. J., Gundapaneni, D., & Goswami, T. (2014). Finite element analysis of
stress and wear characterization in total ankle replacements. Journal of the
mechanical behavior of biomedical materials, 34, 134-145.

84.

Elliott, B. J. (2012). Optimization of WSU Total Ankle Replacement Systems
(Master’s Thesis). Wright State University.

85.

Espinosa, N., Walti, M., Favre, P., & Snedeker, J. G. (2010). Misalignment of total
ankle components can induce high joint contact pressures. J Bone Joint Surg Am,
92(5), 1179-1187.

86.

Eveleigh, R. J. (1995). A review of biomechanical studies of intramedullary nails.
Medical engineering & physics, 17(5), 323-331.

87.

Fessy, M. H., Carret, J. P., & Bejui, J. (1997). Morphometry of the talocrural joint.
Surgical and Radiologic Anatomy, 19(5), 299-302.

88.

Finnan, R. P., Prayson, M. J., Goswami, T., & Miller, D. (2010). Use of the ReamerIrrigator-Aspirator for bone graft harvest: a mechanical comparison of three starting
points in cadaveric femurs. Journal of orthopaedic trauma, 24(1), 36-41.

244

89.

Fisher, J., Dowson, D., Hamdzah, H., & Lee, H. L. (1994). The effect of sliding
velocity on the friction and wear of UHMWPE for use in total artificial joints. Wear,
175(1), 219-225.

90.

Foot and Ankle, "DePuy Agility Total Ankle Replacement." n.d. Web. 30 Jan. 2016.
http://www.footandanklefixation.com/product/depuy-agility-total-ankle-implant/

91.

Forestiero, A., Carniel, E. L., & Natali, A. N. (2014). Biomechanical behaviour of
ankle ligaments: constitutive formulation and numerical modelling. Computer
methods in biomechanics and biomedical engineering, 17(4), 395-404.

92.

Forlani, M., Sancisi, N., & Parenti-Castelli, V. (2015). A Three-Dimensional Ankle
Kinetostatic Model to Simulate Loaded and Unloaded Joint Motion. Journal of
biomechanical engineering, 137(6), 061005.

93.

Forster, B., Van De Ville, D., Berent, J., Sage, D., & Unser, M. (2004). Complex
wavelets for extended depth‐ of‐ field: A new method for the fusion of multichannel
microscopy images. Microscopy research and technique, 65(1‐ 2), 33-42.

94.

Fragomen, A. T., Meyers, K. N., Davis, N., Shu, H., Wright, T., & Rozbruch, S. R.
(2008). A biomechanical comparison of micromotion after ankle fusion using 2
fixation techniques: Intramedullary arthrodesis nail or Ilizarov external fixator. Foot
& Ankle International, 29(3), 334-341.

95.

Franci, R., Parenti-Castelli, V., Belvedere, C., & Leardini, A. (2009). A new oneDOF fully parallel mechanism for modelling passive motion at the human tibiotalar
joint. Journal of biomechanics, 42(10), 1403-1408.

245

96.

Front Range Orthopedics and Spine. (2013, May 02). Innovations In Total Ankle
Replacements. Retrieved November 05, 2017, from
https://frontrangeorthopedics.com/total-ankle-replacement/

97.

Frontera, W. R., Silver, J. K., & Rizzo, T. D. (2014). Essentials of Physical
Medicine and Rehabilitation E-Book. Amsterdam, Netherlands: Elsevier Health
Sciences.

98.

Fryman, J. C. (2011). Wear of a total ankle replacement. (Master’s thesis). University
of Notre Dame.

99.

Fukuda, T., Haddad, S. L., Ren, Y., & Zhang, L. Q. (2010). Impact of talar component
rotation on contact pressure after total ankle arthroplasty: a cadaveric study. Foot &
Ankle International, 31(5), 404-411.

100. Fung, M., Reinitz, S. D., & Van Citters, D. W. (2015). Variation of Mechanical
Properties with Oxidation in Highly Crosslinked Remelted UHMWPE. In ORS 2015
Annual Meeting (Vol. 40). Las Vegas, NV: Orthopaedic Research Society.
101. Fung, Y. C., & Cowin, S. C. (1994). Biomechanics: mechanical properties of living
tissues. Journal of Applied Mechanics, 61, 1007.
102. Funk, J. R., Hall, G. W., Crandall, J. R., & Pilkey, W. D. (2000). Linear and quasilinear viscoelastic characterization of ankle ligaments. Journal of biomechanical
engineering, 122(1), 15-22.
103. Gans D. 2013. Analytical kinematics: Analysis and synthesis of planar mechanisms.
Stoneham, MA: Butterworth-Heinemann.

246

104. Gaudot, F., Colombier, J. A., Bonnin, M., & Judet, T. (2014). A controlled,
comparative study of a fixed-bearing versus mobile-bearing ankle arthroplasty. Foot
& ankle international, 35(2), 131-140.
105. Giannini, S., Leardini, A., & O'Connor, J. J. (2000). Total ankle replacement: review
of the designs and of the current status. Foot and ankle surgery, 6(2), 77-88.
106. Glazebrook, M. A., Arsenault, K., & Dunbar, M. (2009). Evidence-based
classification of complications in total ankle arthroplasty. Foot & Ankle
International, 30(10), 945-949.
107. Glick, J. M., Morgan, C. D., Myerson, M. S., Sampson, T. G., & Mann, J. A. (1996).
Ankle arthrodesis using an arthroscopic method: long-term follow-up of 34 cases.
Arthroscopy: The Journal of Arthroscopic & Related Surgery, 12(4), 428-434.
108. Goodfellow, J. W., & O’Connor, J. (2002). The mechanics of the knee and prosthesis
design. In LCS® Mobile Bearing Knee Arthroplasty (pp. 3-15). Heidelberg, Berlin:
Springer.
109. Goswami, T. (2002). Conjoint bending torsion fatigue-fractography. Materials &
design, 23(4), 385-390.
110. Goswami, T. (2003). Fatigue crack growth behavior of Ti–6Al–4V alloy forging.
Materials & design, 24(6), 423-433.
111. Goswami, T. (2005). Long crack growth mechanisms in Ti-6Al-4V alloy. Indian
Journal of Engineering and Materials Sciences, 12(5), 367-375.
112. Goswami, T. K., & Hoeppner, D. W. (1995). Pitting corrosion fatigue of structural
materials. ASME-publications-ad, 47, 129-140.

247

113. Goswami, T., & Hoeppner, D. W. (1999). Transition Criteria-From a Pit to a Crack.
Journal of the Mechanical Behavior of Materials, 10(5-6), 261-278.
114. Goswami, T., Gargac, S., Laughlin, R., Golshani, A., & Michael, J. (2010). U.S.
Patent Application No. 12/833,704.
115. Goswami, T., Gundapaneni, D., Slocum, M., Paul, P., & Christof, S. (2016). Failure
investigation of a tibiotalocalcaneal arthrodesis system. Engineering Failure
Analysis, 59, 588-604.
116. Goswami, T., Patel, V., Dalstrom, D. J., & Prayson, M. J. (2011). Mechanical
evaluation of fourth-generation composite femur hybrid locking plate constructs.
Journal of Materials Science: Materials in Medicine, 22(9), 2139-2146.
117. Gougoulias, N. E., Agathangelidis, F. G., & Parsons, S. W. (2007). Arthroscopic
ankle arthrodesis. Foot & ankle international, 28(6), 695-706.
118. Gougoulias, N. E., Khanna, A., & Maffulli, N. (2009). History and evolution in total
ankle arthroplasty. British medical bulletin, 89(1), 111-151.
119. Gougoulias, N., Khanna, A., & Maffulli, N. (2010). How successful are current ankle
replacements?: a systematic review of the literature. Clinical Orthopaedics and
Related Research®, 468(1), 199-208.
120. Gould, J. S. (2013). The Handbook of Foot and Ankle Surgery: An Intellectual
Approach to Complex Problems. JP Medical Ltd.
121. Grashof, F. (1890). Theoretische maschinenlehre (Vol. 3). Leipzig, Germany: L.
Voss.

248

122. Gsell, R. A., Stein, H. L., & Ploskonka, J. J. (Eds.). (1998). Characterization and
properties of ultra-high molecular weight polyethylene (Vol. 1307). ASTM
International.
123. Gundapaneni, D., & Goswami, T. (2014). Thermal isotherms in PMMA and cell
necrosis during total hip arthroplasty. Journal of applied biomaterials & functional
materials, 12(3), 193-202.
124. Gundapaneni, D., Tsatalis, J. T., Laughlin, R. T., & Goswami, T. (2015). Wear
characteristics of WSU total ankle replacement devices under shear and torsion loads.
Journal of the Mechanical Behavior of Biomedical Materials, 44, 202-223.
125. Gupta, S., Ellington, J. K., & Myerson, M. S. (2010). Management of specific
complications after revision total ankle replacement. In Seminars in Arthroplasty
(Vol. 21, No. 4, pp. 310-319). WB Saunders.
126. Haddad, S. L. (2016, February 01). Sprained Ankle. Retrieved November 02, 2017,
from http://orthoinfo.aaos.org/topic.cfm?topic=a00150
127. Haddad, S. L., Coetzee, J. C., Estok, R., Fahrbach, K., Banel, D., & Nalysnyk, L.
(2007). Intermediate and long-term outcomes of total ankle arthroplasty and ankle
arthrodesis: a systematic review of the literature. The Journal of Bone and Joint
Surgery, 89(9), 1899-1905.
128. Hamelynck, K. J., & Stiehl, J. B. (Eds.). (2013). LCS® Mobile Bearing Knee
Arthroplasty: A 25 Years Worldwide Review. New York, NY: Springer Science &
Business Media.
129. Haraguchi, N., Armiger, R. S., Myerson, M. S., Campbell, J. T., & Chao, E. Y.
(2009). Prediction of three-dimensional contact stress and ligament tension in the

249

ankle during stance determined from computational modeling. Foot & ankle
international, 30(2), 177-185.
130. Haskell, A. (2012). Total Ankle Arthroplasty: The US Experience. In International
Advances in Foot and Ankle Surgery (pp. 467-487). London, UK: Springer.
131. Hayes, A., Tochigi, Y., & Saltzman, C. L. (2006). Ankle morphometry on 3D-CT
images. The Iowa orthopaedic journal, 26, 1.
132. Henricson, A., Nilsson, J. Å., & Carlsson, Å. (2011). 10-year survival of total ankle
arthroplasties: a report on 780 cases from the Swedish Ankle Register. Acta
orthopaedica, 82(6), 655-659.
133. Henricson, A., Skoog, A., & Carlsson, A. (2007). The Swedish Ankle Arthroplasty
Register: an analysis of 531 arthroplasties between 1993 and 2005. Acta
orthopaedica, 78(5), 569-574.
134. Henry, D. (2009). Materials and coatings for medical devices: cardiovascular. ASM
International, Ohio, USA, 151-186.
135. Hertel, J. (2002). Functional anatomy, pathomechanics, and pathophysiology of
lateral ankle instability. Journal of athletic training, 37(4), 364.
136. Hertz, H. (1881). On the contact of elastic solids. J. reine angew. Math, 92(156-171),
110.
137. Hicks, J. H. (1953). The mechanics of the foot: I. The joints. Journal of Anatomy,
87(Pt 4), 345.
138. Hintermann, B. (2005). Total ankle arthroplasty: historical overview, current
concepts and future perspectives. New York, NY: Springer Science & Business
Media.

250

139. Hintermann, B., & Valderrabano, V. (2003). Total ankle replacement. Foot and ankle
clinics, 8(2), 375-405.
140. Hoagland, T. M. (2016, October 28). Ankle Joint Anatomy. Retrieved November
01, 2017, from https://emedicine.medscape.com/article/1946201-overview
141. Hosman, A. H., Mason, R. B., Hobbs, T., & Rothwell, A. G. (2007). A New Zealand
national joint registry review of 202 total ankle replacements followed for up to 6
years. Acta orthopaedica, 78(5), 584-591.
142. Inman, V. T. (1976). The joints of the ankle. Baltimore, MD: Williams & Wilkins.
143. Jehan, S., Shakeel, M., Bing, A. J., & HiLL, S. O. (2011). The success of
tibiotalocalcaneal arthrodesis with intramedullary nailing: A systematic review of the
literature. Acta orthopaedica Belgica, 77(5), 644.
144. Jung, H. G., Nicholson, J. J., Parks, B., & Myerson, M. S. (2004). Radiographic and
biomechanical support for fibular plating of the agility total ankle. Clinical
orthopaedics and related research, 424, 118-124.
145. Kakkar, R., & Siddique, M. S. (2011). Stresses in the ankle joint and total ankle
replacement design. Foot and Ankle Surgery, 17(2), 58-63.
146. Kapoor, M., & Mahomed, N. N. (Eds.). (2015). Osteoarthritis: Pathogenesis,
diagnosis, available treatments, drug safety, regenerative and precision medicine.
Cham, Switzerland: Springer.
147. Kelikian, A. S., & Sarrafian, S. K. (Eds.). (2011). Sarrafian's anatomy of the foot and
ankle: descriptive, topographic, functional. Lippincott Williams & Wilkins.

251

148. Kerrigan, D. C., Todd, M. K., & Croce, U. D. (1998). Gender differences in joint
biomechanics during walking normative study in young adults. American Journal of
Physical Medicine & Rehabilitation, 1, 2-7.
149. Kerschhofer, D., Gundapaneni, D., Christof, S., & Goswami, T. (2016). Applicability
of PEEK and its composites in total ankle replacement devices and wear rate
predictions. Biomedical Physics & Engineering Express, 2(6), 065012.
150. Khazzam, M., Long, J. T., Marks, R. M., & Harris, G. F. (2006). Preoperative gait
characterization of patients with ankle arthrosis. Gait & posture, 24(1), 85-93.
151. Khazzam, M., Long, J. T., Marks, R. M., & Harris, G. F. (2007). Kinematic changes
of the foot and ankle in patients with systemic rheumatoid arthritis and forefoot
deformity. Journal of Orthopaedic Research, 25(3), 319-329.
152. Kimizuka, M., Kurosawa, H., & Fukubayashi, T. (1980). Load-bearing pattern of the
ankle joint. Archives of orthopaedic and traumatic surgery, 96(1), 45-49.
153. Kincaid, B.,Fryman, JC., Gillard, D., Wentorf, F., Popoola, O., & Bischoff, J.
(2013). Gravimetric Wear Testing of a Fixed-Bearing Bicondylar Total Ankle
Replacement. Retrieved November 03, 2017, from
https://www.ors.org/Transactions/59/PS1--054/1161.html
154. Kleipool, R. P., & Blankevoort, L. (2010). The relation between geometry and
function of the ankle joint complex: a biomechanical review. Knee surgery, sports
traumatology, arthroscopy, 18(5), 618-627.
155. Knecht, S. I., Estin, M., Callaghan, J. J., Zimmerman, M. B., Alliman, K. J., Alvine,
F. G., & Saltzman, C. L. (2004). The Agility total ankle arthroplasty. The Journal of
Bone & Joint Surgery, 86(6), 1161-1171.

252

156. Kofoed, H., & Sørensen, T. S. (1998). Ankle arthroplasty for rheumatoid arthritis and
osteoarthritis. J Bone Joint Surg Br, 80(2), 328-332.
157. Koo, S., & Andriacchi, T. P. (2007). A comparison of the influence of global
functional loads vs. local contact anatomy on articular cartilage thickness at the knee.
Journal of biomechanics, 40(13), 2961-2966.
158. Kuo, C. C., Lee, G. Y., Chang, C. M., Hsu, H. C., Leardini, A., & Lu, T. W. (2008).
Ankle morphometry in the Chinese population. Journal of Foot and Ankle Research,
1(1), O11.
159. Kuo, C. C., Lu, H. L., Leardini, A., Lu, T. W., Kuo, M. Y., & Hsu, H. C. (2014).
Three‐dimensional computer graphics‐based ankle morphometry with computerized
tomography for total ankle replacement design and positioning. Clinical Anatomy,
27(4), 659-668.
160. Kuo, C. C., Lu, H. L., Lu, T. W., Lin, C. C., Leardini, A., Kuo, M. Y., & Hsu, H. C.
(2013). Effects of positioning on radiographic measurements of ankle morphology: a
computerized tomography-based simulation study. Biomedical engineering online,
12(1), 131.
161. Kurtz, S. M. (2009). UHMWPE biomaterials handbook: Ultra high Molecular
Weight Polyethylene in Total Joint Replacement and Medical Devices. Burlington,
MA: Academic Press.
162. Kurtz, S. M., Muratoglu, O. K., Buchanan, F. J., Currier, B., Gsell, R., Shen, F. W.,
& Yau, S. S. (2001). Interlaboratory studies to determine optimal analytical methods
for measuring the oxidation index of UHMWPE. Biomaterials, 22(21), 2875-2881.

253

163. Kurtz, S. M., Muratoglu, O. K., Gsell, R., Greer, K., Shen, F. W., Cooper, C., &
Edidin, A. A. (2002). Interlaboratory validation of oxidation‐ index measurement
methods for UHMWPE after long‐ term shelf aging. Journal of biomedical materials
research, 63(1), 15-23.
164. Kwon, D. G., Sung, K. H., Chung, C. Y., Park, M. S., Lee, S. H., Kim, T. W., ... &
Lee, K. M. (2014). Preliminary Findings of Morphometric Analysis of Ankle Joint in
Korean Population. The Journal of Foot and Ankle Surgery, 53(1), 3-7.
165. Labek, G., Thaler, M., Janda, W., Agreiter, M., & Stöckl, B. (2011). Revision rates
after total joint replacement cumulative results from worldwide joint register datasets.
Journal of Bone & Joint Surgery, British Volume, 93(3), 293-297.
166. Laflamme, M., Penner, M. J., Mayich, D. J., & Daniels, T. R. (2012). Catastrophic
polyethylene failure in the Scandinavian Total Ankle Replacement (STAR): an
analysis of patient-and implant-related factors. In American Orthopaedic Foot and
Ankle Society 2012 Annual Meeting, June (pp. 21-23).
167. LaMothe, J., Seaworth, C. M., Do, H. T., Kunas, G. C., & Ellis, S. J. (2016). Analysis
of total ankle arthroplasty survival in the United States using multiple state databases.
Foot & ankle specialist, 9(4), 336-341.
168. Landau, U. M. (1987). Estimation of a circular arc center and its radius. Computer
Vision, Graphics, and Image Processing, 38(3), 317-326.
169. Leardini, A. (2001). Geometry and mechanics of the human ankle complex and ankle
prosthesis design. Clinical Biomechanics, 16(8), 706-709.

254

170. Leardini, A., Catani, F., Giannini, S., & O'connor, J. J. (2001). Computer-assisted
design of the sagittal shapes of a ligament-compatible total ankle replacement.
Medical and Biological Engineering and Computing, 39(2), 168-175.
171. Leardini, A., O'Connor, J. I., Catani, F., & Giannini, S. (1998). Mobility and Stability
of the Ankle Joint Complex. In Transactions of The Annual Meeting-Orthopaedic
Research Society (pp. 1118-1118). New Orleans, LA: Orthopaedic Research Society.
172. Leardini, A., O'connor, J. J., Catani, F., & Giannini, S. (1999). A geometric model of
the human ankle joint. Journal of biomechanics, 32(6), 585-591.
173. Lenard. C. (2015, August 31). Basics of Biomechanics of Tendons and Ligaments.
Retrieved November 02, 2017, from
http://www.pitchingnow.com/kinesiology/basic-biomechanics-of-tendons-andligaments/
174. Leumann, A., Wiewiorski, M., Egelhof, T., Rasch, H., Magerkurth, O., Candrian, C.,
& Valderrabano, V. (2009). Radiographic evaluation of frontal talar edge
configuration for osteochondral plug transplantation. Clinical anatomy, 22(2), 261266.
175. Levangie, P. K., & Norkin, C. C. (2011). Joint structure and function: a
comprehensive analysis. Philadelphia, PA: FA Davis.
176. Lewis, G. (1997). Polyethylene wear in total hip and knee arthroplasties. Journal of
biomedical materials research, 38(1), 55-75.
177. Lewis, G. (2001). Properties of crosslinked ultra-high-molecular-weight
polyethylene. Biomaterials, 22(4), 371-401.

255

178. Li, S., & Burstein, A. H. (1994). Ultra-high molecular weight polyethylene. The
material and its use in total joint implants. The Journal of bone and joint surgery.
American volume, 76(7), 1080.
179. Liu, F., Jin, Z., Roberts, P., & Grigoris, P. (2006). Importance of head diameter,
clearance, and cup wall thickness in elastohydrodynamic lubrication analysis of
metal-on-metal hip resurfacing prostheses. Proceedings of the Institution of
Mechanical Engineers, Part H: Journal of Engineering in Medicine, 220(6), 695704.
180. Long, M., & Rack, H. J. (1998). Titanium alloys in total joint replacement—a
materials science perspective. Biomaterials, 19(18), 1621-1639.
181. Lowery, R. B. (1995). Fractures of the talus and os calcis. Current Opinion in
Orthopaedics, 6(3), 25-34.
182. Lu, T., Chien, H., & Chen, H. (2007). Joint loading in the lower extremities during
elliptical exercise. Medicine and science in sports and exercise, 39(9), 1651.
183. Lundberg, A. (1989). Kinematics of the ankle and foot: in vivo roentgen
stereophotogrammetry. Acta Orthopaedica Scandinavica, 60(sup233), 1-26.
184. Lundberg, A., Svensson, O. K., Nemeth, G., & Selvik, G. (1989). The axis of rotation
of the ankle joint. Bone & Joint Journal, 71(1), 94-99.
185. Madihally, S. V. (2010). Principles of biomedical engineering. Artech House.
186. Magee, D. J. (2014). Orthopedic Physical Assessment-E-Book. Amsterdam,
Netherlands: Elsevier Health Sciences.
187. Mahato, N. K. (2011). Morphology of sustentaculum tali: Biomechanical importance
and correlation with angular dimensions of the talus. The Foot, 21(4), 179-183.

256

188. Makola, M. T., & Goswami, T. (2011). Hip implant stem interfacial motion, a finite
element analysis. International Journal of Experimental and Computational
Biomechanics, 1(4), 343-358.
189. Manegold, S., Haas, N. P., Tsitsilonis, S., Springer, A., Märdian, S., & Schaser, K.
D. (2013). Periprosthetic fractures in total ankle replacement: classification system
and treatment algorithm. The Journal of Bone and Joint Surgery, 95(9), 815-820.
190. Manhattan Pain and Sports Associates. (2016). NYC Ankle Sprain Specialist
Doctors. Retrieved November 05, 2017, from
https://www.painmanagementdoctornyc.com/nyc-ankle-sprain-specialist-sportsmedicine-doctors/
191. Mann J.A., Chou L.B., Ross S.K. (2014). Chapter 8. Foot and Ankle Surgery. In
Skinner H.B., McMahon P.J. (Eds), Current Diagnosis & Treatment in
Orthopedics, 5e. Retrieved May 08, 2016 from
http://accessmedicine.mhmedical.com/content.aspx?bookid=675&Sectionid=45451
714.
192. Mann, M. R., Parks, B. G., Pak, S. S., & Miller, S. D. (2001). Tibiotalocalcaneal
arthrodesis: a biomechanical analysis of the rotational stability of the Biomet Ankle
Arthrodesis Nail. Foot & Ankle International, 22(9), 731-733.
193. Mann, R. A., & Hagy, J. (1980). Biomechanics of walking, running, and sprinting.
The American journal of sports medicine, 8(5), 345-350.
194. Mann, R. A., & Haskell, A. (1993). Biomechanics of the foot and ankle. Surgery of
the Foot and Ankle, 1, 2-35.

257

195. McDowell, M. A., Fryar, C. D., Hirsch, R., & Ogden, C. L. (2005). Anthropometric
reference data for children and adults: US population, 1999-2002. Advance Data from
Vital and Health Statistics, 361. Hyattsville, MD: US Department of Health and
Human Services, Centers for Disease Control and Prevention, National Center for
Health Statistics.
196. Mclff, T. E. (2002). Design factors affecting the contact stress patterns in a
contemporary mobile bearing total ankle replacement. In Proceedings of the Fourth
World Congress in Biomechanics, Calgary, Canada.
197. Means, K. R., Parks, B. G., Nguyen, A., & Schon, L. C. (2006). Intramedullary nail
fixation with posterior-to-anterior compared to transverse distal screw placement for
tibiotalocalcaneal arthrodesis: a biomechanical investigation. Foot & ankle
international, 27(12), 1137-1142.
198. Mencio, G. A., & Swiontkowski, M. F. (2014). Green's Skeletal Trauma in Children
E-Book. Amsterdam, Netherlands: Elsevier Health Sciences.
199. Michael, J. M., Golshani, A., Gargac, S., & Goswami, T. (2008). Biomechanics of
the ankle joint and clinical outcomes of total ankle replacement. Journal of the
mechanical behavior of biomedical materials, 1(4), 276-294.
200. Miller, M. C., Smolinski, P., Conti, S., & Galik, K. (2004). Stresses in polyethylene
liners in a semiconstrained ankle prosthesis. Journal of biomechanical engineering,
126(5), 636-640.
201. Miller, M. D., & Thompson, S. R. (2014). DeLee & Drez's Orthopaedic Sports
Medicine E-Book. Amsterdam, Netherlands: Elsevier Health Sciences.

258

202. Millington, S. A., Grabner, M., Wozelka, R., Anderson, D. D., Hurwitz, S. R., &
Crandall, J. R. (2007). Quantification of ankle articular cartilage topography and
thickness using a high resolution stereophotography system. Osteoarthritis and
cartilage, 15(2), 205-211.
203. Monroe, M. T., Beals, T. C., & Manoli, A. (1999). Clinical outcome of arthrodesis
of the ankle using rigid internal fixation with cancellous screws. Foot & ankle
international, 20(4), 227-231.
204. Moro‐oka, T. A., Hamai, S., Miura, H., Shimoto, T., Higaki, H., Fregly, B. J., &
Banks, S. A. (2007). Can magnetic resonance imaging–derived bone models be used
for accurate motion measurement with single‐plane three‐dimensional shape
registration?. Journal of orthopaedic research, 25(7), 867-872.
205. Morrey, B. F., & Wiedeman Jr, G. P. (1980). Complications and long-term results
of ankle arthrodeses following trauma. The Journal of Bone and Joint Surgery,
62(5), 777-784.
206. Morton D.A., Foreman K, Albertine K.H. (2011). Chapter 37. Leg. In Morton D.A.,
Foreman K, Albertine K.H. (Eds), The Big Picture: Gross Anatomy. Retrieved May
08, 2016 from
http://accessmedicine.mhmedical.com/content.aspx?bookid=381&Sectionid=40140
048
207. Mounib, L., Muratoglu, O. K., & Harris, W. H. (1999). Accuracy of quantification of
oxidation index in UHMWPE: a comparison of different thickness normalization
methods. In Annual Meeting-Society for Biomaterials in Conjunction with the
International Biomaterials Symposium (Vol. 22, pp. 498-498).

259

208. Mouritz, A. (2012). Introduction to aerospace materials. Philadelphia, PA:
Woodhead Publishing.
209. Munzinger, U. K., Boldt, J. G., & Keblish, P. A. (2004). Primary knee arthroplasty.
New York, NY: Springer Science & Business Media.
210. Muratoglu, O. K., Bragdon, C. R., O'Connor, D. O., Jasty, M., & Harris, W. H.
(2001). A novel method of cross-linking ultra-high-molecular-weight polyethylene
to improve wear, reduce oxidation, and retain mechanical properties: recipient of the
1999 HAP Paul Award. The Journal of arthroplasty, 16(2), 149-160.
211. Murray, M. P. (1967). Gait as a total pattern of movement: including a bibliography
on gait. American Journal of Physical Medicine & Rehabilitation, 46(1), 290-333.
212. Myerson, M. S., Alvarez, R. G., & Lam, P. W. (2000). Tibiocalcaneal arthrodesis for
the management of severe ankle and hindfoot deformities. Foot & Ankle
International, 21(8), 643-650.
213. Narayan, R. (2009). Biomedical materials. Chapel Hill, NC: Springer Science &
Business Media.
214. Natali, A. N., Forestiero, A., Carniel, E. L., Pavan, P. G., & Dal Zovo, C. (2010).
Investigation of foot plantar pressure: experimental and numerical analysis. Medical
& biological engineering & computing, 48(12), 1167-1174.
215. Nicholson, J. J., Parks, B. G., Stroud, C. C., & Myerson, M. S. (2004). Joint contact
characteristics in Agility total ankle arthroplasty. Clinical orthopaedics and related
research, 424, 125-129.
216. Niinomi, M. (Ed.). (2010). Metals for biomedical devices. Boca Raton, FL:
Woodhead Publishing.

260

217. Nishikawa, M., Tomita, T., Fujii, M., Watanabe, T., Hashimoto, J., Sugamoto, K., &
Yoshikawa, H. (2004). Total ankle replacement in rheumatoid arthritis. International
orthopaedics, 28(2), 123-126.
218. Niu, W. X., Wang, L. J., Feng, T. N., Jiang, C. H., Fan, Y. B., & Zhang, M. (2013).
Effects of bone Young’s modulus on finite element analysis in the lateral ankle
biomechanics. Applied Bionics and Biomechanics, 10(4), 189-195.
219. Noss, E. H., Chang, S. K., Watts, G. F., & Brenner, M. B. (2011). Modulation of
matrix metalloproteinase production by rheumatoid arthritis synovial fibroblasts after
cadherin 11 engagement. Arthritis & Rheumatology, 63(12), 3768-3778.
220. Nunley, J. A., Caputo, A. M., Easley, M. E., & Cook, C. (2012). Intermediate to longterm outcomes of the STAR Total Ankle Replacement: the patient perspective. The
Journal of Bone and Joint Surgery, 94(1), 43-48.
221. Nyska, M., & Mann, G. (2002). The unstable ankle. Champaign, IL: Human Kinetics.
222. Okazaki, Y. (2014). Effect of head size on wear properties of metal-on-metal bearings
of hip prostheses, and comparison with wear properties of metal-on-polyethylene
bearings using hip simulator. Journal of the mechanical behavior of biomedical
materials, 31, 152-163.
223. O'Neill, P. J., Parks, B. G., Walsh, R., Simmons, L. M., & Schon, L. C. (2007).
Biomechanical

analysis

of

screw-augmented

intramedullary

fixation

for

tibiotalocalcaneal arthrodesis. Foot & ankle international, 28(7), 804-809.
224. Oshida, Y. (2010). Bioscience and bioengineering of titanium materials. (1st ed., pp.
285-309). Oxford, UK: Elsevier.

261

225. Ostrosky, K. M., VanSwearingen, J. M., Burdett, R. G., & Gee, Z. (1994). A
comparison of gait characteristics in young and old subjects. Physical Therapy, 74(7),
637-644.
226. Parekh, S. G. (2012). Foot and Ankle Surgery. New Delhi, India: Jaypee Brothers
Medical Publishers Pvt. Ltd.
227. Parr, W. C. H., Chamoli, U., Jones, A., Walsh, W. R., & Wroe, S. (2013). Finite
element micro-modelling of a human ankle bone reveals the importance of the
trabecular network to mechanical performance: new methods for the generation and
comparison of 3D models. Journal of biomechanics, 46(1), 200-205.
228. Perry, J. Gait analysis: normal and pathological function. 1992. Slack, Thorofare, NJ.
229. Persson, A. (1964). On the stress distribution of cylindrical elastic bodies in contact.
(PhD dissertation). Chalmers University of Technology.
230. Pfahler, M., Krödel, A., Tritschler, A., & Zenta, S. (1996). Role of internal and
external fixation in ankle fusion. Archives of orthopaedic and trauma surgery,
115(3), 146-148.
231. Popov, V. L. (Ed.). (2010). Contact mechanics and friction. Heidelberg, Berlin:
Springer.
232. Postak, P. D., Rosca, M., & Greenwald, M. A. S. (2008). Evaluation of the STAR®
Total Ankle Replacement: An Evolution in Design. Cleveland, OH: AAOS.
233. Prissel, M. A. (2014). A Closer Look at Total Ankle Replacement Revision.
Retrieved November 02, 2017, from https://www.podiatrytoday.com/closer-looktotal-ankle-replacement-revision

262

234. Provelengios, S., Papavasiliou, K. A., Kyrkos, M. J., Kirkos, J. M., & Kapetanos, G.
A. (2009). The Role of Pantalar Arthrodesis in the Treatment of Paralytic Foot
Deformities: A Long-Term Follow-up Study. The Journal of Bone and Joint Surgery,
91(3), 575-583.
235. Pyevich, M. T., Saltzman, C. L., Callaghan, J. J., & Alvine, F. G. (1998). Total Ankle
Arthroplasty: a Unique Design. Two to Twelve-Year Follow-up*. The Journal of
Bone & Joint Surgery, 80(10), 1410-20.
236. Quadrant MediTECH. (2016). Implantable Polymers. Retrieved March 29, 2016,
from http://www.quadrantplastics.com/na-en/products/meditech-R-life-sciencegrades/implantable-polymers.html
237. Ramachandran, M. (2006). Basic orthopaedic sciences: the Stanmore guide. New
York, NY: Oxford University Press.
238. Rathnayaka, K., Momot, K. I., Noser, H., Volp, A., Schuetz, M. A., Sahama, T., &
Schmutz, B. (2012). Quantification of the accuracy of MRI generated 3D models of
long bones compared to CT generated 3D models. Medical engineering & physics,
34(3), 357-363.
239. Reggiani, B., Leardini, A., Corazza, F., & Taylor, M. (2006). Finite element analysis
of a total ankle replacement during the stance phase of gait. Journal of biomechanics,
39(8), 1435-1443.
240. Rho, J. Y., Ashman, R. B., & Turner, C. H. (1993). Young's modulus of trabecular
and cortical bone material: ultrasonic and microtensile measurements. Journal of
biomechanics, 26(2), 111-119.

263

241. Riede, U. N., Heitz, P., & Ruedi, T. (1971). Studies of the joint mechanics elucidating
the pathogenesis of posttraumatic arthrosis of the ankle joint in man. II. Influence of
the talar shape on the biomechanics of the ankle joint. Langenbecks Archiv für
Chirurgie, 330(2), 174.
242. Ries, M. D., Scott, M. L., & Jani, S. (2001). Relationship between gravimetric wear
and particle generation in hip simulators: conventional compared with cross-linked
polyethylene. J Bone Joint Surg Am, 83(2 suppl 2), S116-122.
243. Rieser, G. R., Edwards, K., Gould, G. C., Markert, R. J., Goswami, T., & Rubino, L.
J. (2013). Distal-third clavicle fracture fixation: a biomechanical evaluation of
fixation. Journal of Shoulder and Elbow Surgery, 22(6), 848-855.
244. Roaas, A., & Andersson, G. B. (1982). Normal range of motion of the hip, knee and
ankle joints in male subjects, 30–40 years of age. Acta Orthopaedica Scandinavica,
53(2), 205-208.
245. Robertson, G., Caldwell, G., Hamill, J., Kamen, G., & Whittlesey, S. (2013).
Research methods in biomechanics, 2E. Champaign, IL: Human Kinetics.
246. Rodrigues, D. (2013). Biomechanics of the Total Ankle Arthroplasty: Stress Analysis
and Bone Remodeling. (Master’s Thesis). Instituto Superior Técnico Lisboa,
Lissabon.
247. Ronald, B., Wenjay S., & Dane, K. W. (2008). Technical Tip: A Simple Method for
Proper Placement of an Intramedullary Nail Entry Point for Tibiotalocalcaneal or
Tibiocalcaneal Arthrodesis. The Foot & Ankle Journal,1(9):4, World wide open
access publication.

264

248. Rosenbaum, D., Becker, H. P., Wilke, H. J., & Claes, L. E. (1998). Tenodeses destroy
the kinematic coupling of the ankle joint complex. J Bone Joint Surg Br, 80(1), 162168.
249. Rosenberg, A. G., Rubash, H. E., Clohisy, J., Beaule, P., & DellaValle, C. (2015).
The Adult Hip: Hip Arthroplasty Surgery. Philadelphia, PA: Lippincott Williams &
Wilkins.
250. Roukis, T. S. (2012). Incidence of revision after primary implantation of the
Agility™ total ankle replacement system: a systematic review. The Journal of Foot
and Ankle Surgery, 51(2), 198-204.
251. Roukis, T. S., & Prissel, M. A. (2013). Registry data trends of total ankle replacement
use. The Journal of Foot and Ankle Surgery, 52(6), 728-735.
252. Roukis, T. S., Berlet, G. C., Bibbo, C., Hyer, C. F., Penner, M. J., Wünschel, M., &
Prissel, M. A. (2016). Primary and Revision Total Ankle Replacement. Cham,
Switzerland: Springer.
253. Rueda, D. R., Hidalgo, A., & Calleja, F. B. (1978). An ir study of the “amorphous”
phase in melt crystallized polyethylene. Spectrochimica Acta Part A: Molecular
Spectroscopy, 34(5), 475-480.
254. S Fevang, B. T., A Lie, S., I Havelin, L., G Brun, J., Skredderstuen, A., & Furnes, O.
(2007). 257 ankle arthroplasties performed in Norway between 1994 and 2005. Acta
orthopaedica, 78(5), 575-583.
255. Saad, A. P. B. M., Syahrom, A., Harun, M. N., & Kadir, M. R. A. (2015). Wear
Prediction on Total Ankle Replacement: Effect of Design Parameters. New York,
NY: Springer.

265

256. Sadoghi, P., Roush, G., Kastner, N., Leithner, A., Sommitsch, C., & Goswami, T.
(2014). Failure modes for total ankle arthroplasty: a statistical analysis of the
Norwegian Arthroplasty Register. Archives of orthopaedic and trauma surgery,
134(10), 1361-1368.
257. Saltzman, C. L., Mann, R. A., Ahrens, J. E., Amendola, A., Anderson, R. B., Berlet,
G. C., & DeOrio, J. K. (2009). Prospective controlled trial of STAR total ankle
replacement versus ankle fusion: initial results. Foot & Ankle International, 30(7),
579-596.
258. Saltzman, C. L., Salamon, M. L., Blanchard, G. M., Huff, T., Hayes, A., Buckwalter,
J. A., & Amendola, A. (2005). Epidemiology of ankle arthritis: report of a
consecutive series of 639 patients from a tertiary orthopaedic center. The Iowa
orthopaedic journal, 25, 44.
259. Sammarco, J. (1977). Biomechanics of the ankle: I. Surface velocity and instant
center of rotation in the sagittal plane. The American journal of sports medicine, 5(6),
231-234.
260. Sancisi, N., Baldisserri, B., Parenti-Castelli, V., Belvedere, C., & Leardini, A. (2014).
One-degree-of-freedom spherical model for the passive motion of the human ankle
joint. Medical & biological engineering & computing, 52(4), 363-373.
261. Saunders, J. B., Inman, V. T., & Eberhart, H. D. (1953). The major determinants in
normal and pathological gait. The Journal of Bone and Joint Surgery, 35(3), 543-558.
262. Schneider, W., Abt, N. A., & Kottig, P. (2003). Analysis of early retrieved acetabular
cups of highly crosslinked polyethylene. In Transactions of the 49th Annual Meeting
of the Orthopaedic Research Society, New Orleans, LA, USA (p. 1416).

266

263. Schumer, R. A., Muckley, K. L., Markert, R. J., Prayson, M. J., Heflin, J.,
Konstantakos, E. K., & Goswami, T. (2010). Biomechanical comparison of a
proximal humeral locking plate using two methods of head fixation. Journal of
shoulder and elbow surgery, 19(4), 495-501.
264. Seireg, A., & Arvikar, R. J. (1975). The prediction of muscular load sharing and joint
forces in the lower extremities during walking. Journal of biomechanics, 8(2), 89102.
265. Sheehan, F. T. (2010). The instantaneous helical axis of the subtalar and talocrural
joints: a non-invasive in vivo dynamic study. Journal of foot and ankle research,
3(1), 13.
266. Shi, W., Dong, H., & Bell, T. (2000). Tribological behaviour and microscopic wear
mechanisms of UHMWPE sliding against thermal oxidation-treated Ti6Al4V.
Materials Science and Engineering: A, 291(1), 27-36.
267. Shin, J., Yue, N., & Untaroiu, C. D. (2012). A finite element model of the foot and
ankle for automotive impact applications. Annals of biomedical engineering, 40(12),
2519-2531.
268. Siegler, S., Block, J., & Schneck, C. D. (1988). The mechanical characteristics of the
collateral ligaments of the human ankle joint. Foot & ankle, 8(5), 234-242.
269. Siegler, S., Chen, J., & Schneck, C. D. (1988). The three-dimensional kinematics and
flexibility characteristics of the human ankle and subtalar joints—Part I: Kinematics.
Journal of biomechanical engineering, 110(4), 364-373.
270. Siegler, S., Toy, J., Seale, D., & Pedowitz, D. (2014). The Clinical Biomechanics
Award 2013--presented by the International Society of Biomechanics: New

267

observations on the morphology of the talar dome and its relationship to ankle
kinematics. Clinical Biomechanics, 29(1), 1-6.
271. Silva, M., Shepherd, E. F., Jackson, W. O., Dorey, F. J., & Schmalzried, T. P. (2002).
Average patient walking activity approaches 2 million cycles per year: pedometers
under-record walking activity. The Journal of arthroplasty, 17(6), 693-697.
272. Silverstein, R. M., Webster, F. X., Kiemle, D. J., & Bryce, D. L. (2014).
Spectrometric identification of organic compounds. Hoboken, NJ: John Wiley &
Sons.
273. Singer, S., Klejman, S., Pinsker, E., Houck, J., & Daniels, T. (2013). Ankle
arthroplasty and ankle arthrodesis: gait analysis compared with normal controls. The
Journal of Bone and Joint Surgery, 95(24), e191.
274. Singh, A. K., Starkweather, K. D., Hollister, A. M., Jatana, S., & Lupichuk, A. G.
(1992). Kinematics of the ankle: a hinge axis model. Foot & ankle, 13(8), 439-446.
275. Skyttä, E. T., Koivu, H., Eskelinen, A., Ikävalko, M., Paavolainen, P., & Remes, V.
(2010). Total ankle replacement: a population-based study of 515 cases from the
Finnish Arthroplasty Register. Acta orthopaedica, 81(1), 114-118.
276. Slater, G. L., Sayres, S. C., & O’Malley, M. J. (2014). Anterior ankle arthrodesis.
World journal of orthopedics, 5(1), 1.
277. Small Bone Innovations. "STAR Surgical Technique." (2009): 1-2. Small Bone
Innovations, 2009. Web. 11 Jan. 2016.
<http://www.totalsmallbone.com/pdf/STAR_Surgical_Technique.pdf>.
278. Small Bone Innovations. "STAR Surgical Technique." (2013): 3-5. Small Bone
Innovations, 2013. Web. 11 Jan. 2016.

268

279. Smith & Nephew Orthopedics. (2013). TRIGEN Hindfoot. Retrieved November
05, 2017, from http://footandanklefixation.com/company/smith-nepheworthopedics/
280. Smyth, A., Fisher, J., Suñer, S., & Brockett, C. (2017). Influence of kinematics on
the wear of a total ankle replacement. Journal of biomechanics, 53, 105-110.
281. SooHoo, N. F., Zingmond, D. S., & Ko, C. Y. (2007). Comparison of reoperation
rates following ankle arthrodesis and total ankle arthroplasty. The Journal of Bone &
Joint Surgery, 89(10), 2143-2149.
282. Stachowiak, G. W. (Ed.). (2006). Wear: materials, mechanisms and practice. West
Sussex, England: John Wiley & Sons.
283. Stagni, R., Leardini, A., Catani, F., & Cappello, A. (2004). A new semi-automated
measurement technique based on X-ray pictures for ankle morphometry. Journal of
biomechanics, 37(7), 1113-1118.
284. Stagni, R., Leardini, A., Ensini, A., & Cappello, A. (2005). Ankle morphometry
evaluated using a new semi-automated technique based on X-ray pictures. Clinical
Biomechanics, 20(3), 307-311.
285. Standard, A.S.T.M (2012). E140-12be1, Standard Hardness Conversion Tables for
Metals Relationship among Brinell Hardness, Vickers Hardness, Rockwell Hardness,
Superficial Hardness, Knoop Hardness, Scleroscope Hardness, and Leeb Hardness.
West Conshohecken, PA: ASTM International.
286. Standard, A.S.T.M (2015). E18-15, Standard Test Methods for Rockwell Hardness
of Metallic Materials. West Conshohecken, PA: ASTM International.

269

287. Standard, A.S.T.M. (1999). E407-99, Standard practice for microetching metals and
alloys. West Conshohecken, PA: ASTM International.
288. Standard, A.S.T.M. (2013). E1409-13, Standard Test Method for Determination of
Oxygen and Nitrogen in Titanium and Titanium Alloys by Inert Gas Fusion. West
Conshohecken, PA: ASTM International.
289. Standard, A.S.T.M. (2013). E3-01, Standard guide for preparation of metallographic
specimens. West Conshohecken, PA: ASTM International.
290. Standard, A.S.T.M. (2013). F136-13, Standard Specification for Wrought Titanium6Aluminum-4Vanadium ELI (Extra Low Interstitial) Alloy for Surgical Implant
Applications (UNS R56401). West Conshohecken, PA: ASTM International.
291. Standard, A.S.T.M. (2013). F2102-13, Standard Guide for Evaluating the Extent of
Oxidation in Polyethylene Fabricated Forms Intended for Surgical Implants, ASTM
International, West Conshohocken, PA, 2013, www.astm.org
292. Standard, A.S.T.M. (2014). F2665-09(2014), Standard Specification for Total
Ankle Replacement Prosthesis, ASTM International, West Conshohocken, PA,
2014, www.astm.org
293. Standard, ISO (1996). 5832-3, Implants for surgery -- Metallic materials -- Part 3:
Wrought titanium 6-aluminium 4-vanadium alloy. London, UK: International
Organization for Standardization.
294. Standard, ISO, 5832–3, Implants for Surgery — Metallic Materials — Part 3:
Wrought Titanium 6-Aluminium 4-Vanadium Alloy, International Organization for
Standardization, London, UK, 1996.

270

295. Stauffer, R. N., Chao, E. Y., & Brewster, R. C. (1977). Force and motion analysis of
the normal, diseased, and prosthetic ankle joint. Clinical orthopaedics and related
research, 127, 189-196.
296. Stiehl, J. B., Skrade, D. A., & Johnson, R. P. (1992). Experimentally produced ankle
fractures in autopsy specimens. Clinical orthopaedics and related research, 285,
244-249.
297. Sugimoto, K., Takakura, Y., Tohno, Y., Kumai, T., Kawate, K., & Kadono, K.
(2005). Cartilage thickness of the talar dome. Arthroscopy: The Journal of
Arthroscopic & Related Surgery, 21(4), 401-404.
298. Taddei, P., Affatato, S., Rocchi, M., Fagnano, C., & Viceconti, M. (2008). The effects
of irradiation and EtO-treatment on ultrahigh molecular weight polyethylene
acetabular cups following accelerated aging: Degradation of mechanical properties
and morphology changes during hip simulator tests. Journal of Molecular Structure,
875(1), 254-263.
299. Takakura, Y., Tanaka, Y., Sugimoto, K., Tamai, S., & Masuhara, K. (1990). Ankle
Arthroplasty: A Comparative Study of Cemented Metal and Uncemented Ceramic
Prostheses. Clinical orthopaedics and related research, 252, 209-216.
300. Takakura, Y., Tanaka, Y., Sugimoto, K., Akiyama, K., & Tamai, S. (1999). Long
term results of arthrodesis for osteoarthritis of the ankle. Clinical orthopaedics and
related research, 361, 178-185.
301. Tandoğan, R. N., Mann, G., & Verdonk, R. (2011). Sports injuries: prevention,
diagnosis, treatment and rehabilitation. Heidelberg, Berlin: Springer Science &
Business Media.

271

302. Thapa, N., Prayson, M., & Goswami, T. (2015). A failure study of a locking
compression plate implant. Case Studies in Engineering Failure Analysis, 3, 68-72.
303. The TeachMeSeries. (2017). Anatomical Terms of Movement. Retrieved November
05, 2017, from http://teachmeanatomy.info/the-basics/anatomicalterminology/terms-of-movement/
304. Thomas, R. L., Sathe, V., & Habib, S. I. (2012). The use of intramedullary nails in
tibiotalocalcaneal arthrodesis. Journal of the American Academy of Orthopaedic
Surgeons, 20(1), 1-7.
305. Thordarson, D. B. (Ed.). (2012). Foot and ankle. Philadelphia, PA: Lippincott
Williams & Wilkins.
306. Thrive Health. (2013). Out of the Gait: Investing in Orthotics. Retrieved November
05, 2017, from http://www.thrivehealth.ca/blog/tag/supination/
307. To, Q. D., & He, Q. C. (2008). On the conforming contact problem in a reinforced
pin-loaded structure with a non-zero second Dundurs’ constant. International
Journal of Solids and Structures, 45(14), 3935-3950.
308. To, Q. D., He, Q. C., Cossavella, M., Morcant, K., & Panait, A. (2007). Closed-form
solution for the contact problem of reinforced pin-loaded joints used in glass
structures. International journal of solids and structures, 44(11), 3887-3903.
309. Tochigi, Y., Rudert, M. J., Saltzman, C. L., Amendola, A., & Brown, T. D. (2006).
Contribution of articular surface geometry to ankle stabilization. The Journal of Bone
& Joint Surgery, 88(12), 2704-2713.

272

310. Trincat, S., Kouyoumdjian, P., & Asencio, G. (2012). Total ankle arthroplasty and
coronal plane deformities. Orthopaedics & Traumatology: Surgery & Research,
98(1), 75-84.
311. Udofia, I. J., & Jin, Z. M. (2003). Elastohydrodynamic lubrication analysis of metalon-metal hip-resurfacing prostheses. Journal of biomechanics, 36(4), 537-544.
312. Udofia, I. J., Yew, A., & Jin, Z. M. (2004). Contact mechanics analysis of metal-onmetal hip resurfacing prostheses. Proceedings of the Institution of Mechanical
Engineers, Part H: Journal of Engineering in Medicine, 218(5), 293-305.
313. Valderrabano, V., & Easley, M. (Eds.). (2017). Foot and ankle sports orthopaedics.
Cham, Switzerland: Springer.
314. Valderrabano, V., Hintermann, B., Nigg, B. M., Stefanyshyn, D., & Stergiou, P.
(2003a). Kinematic changes after fusion and total replacement of the ankle part 1:
range of motion. Foot & ankle international, 24(12), 881-887.
315. Valderrabano, V., Hintermann, B., Nigg, B. M., Stefanyshyn, D., & Stergiou, P.
(2003b). Kinematic changes after fusion and total replacement of the ankle part 2:
Movement transfer. Foot & ankle international, 24(12), 888-896.
316. Valderrabano, V., Hintermann, B., Nigg, B. M., Stefanyshyn, D., & Stergiou, P.
(2003c). Kinematic Changes after Fusion and Total Replacement of the Ankle Part
3: Talar Movement. Foot & ankle international, 24(12), 897-900.
317. Valderrabano, V., Nigg, B. M., von Tscharner, V., Stefanyshyn, D. J., Goepfert, B.,
& Hintermann, B. (2007). Gait analysis in ankle osteoarthritis and total ankle
replacement. Clinical Biomechanics, 22(8), 894-904.

273

318. Valderrabano, V., Pagenstert, G. I., Müller, A. M., Paul, J., Henninger, H. B., & Barg,
A. (2012). Mobile-and fixed-bearing total ankle prostheses: is there really a
difference?. Foot and ankle clinics, 17(4), 565-585.
319. van Dijk, C. N. (2014). Ankle arthroscopy: techniques developed by the Amsterdam
Foot and Ankle School. Heidelberg, Berlin: Springer Science & Business.
320. Varadharajan, S., Laughlin, R., and Goswami, T. (2015). Analysis of a clinical failed,
mechanically intact, hemi-toe implant, J. Biomed. Eng. Biosci., 2(003).
321. Varghese, B., Short, D., Penmetsa, R., Goswami, T., & Hangartner, T. (2011).
Computed-tomography-based finite-element models of long bones can accurately
capture strain response to bending and torsion. Journal of biomechanics, 44(7), 13741379.
322. Vaupel, Z., Baker, E. A., Baker, K. C., Kurdziel, M. D., & Fortin, P. T. (2009).
Analysis of retrieved Agility™ total ankle arthroplasty systems. Foot & Ankle
International, 30(9), 815-823.
323. Venturanto, C., Pavan, P. G., Forestiero, A., Carniel, E. L., & Natali, A. N. (2014).
Investigation of the biomechanical behaviour of articular cartilage in hindfoot joints.
Acta of Bioengineering and Biomechanics, 16(2).
324. Venugopalan, R. (Ed.). (2006). Medical Device Materials III. Materials Park, OH:
ASM International.
325. Vickerstaff, J. A., Miles, A. W., & Cunningham, J. L. (2007). A brief history of total
ankle replacement and a review of the current status. Medical engineering & physics,
29(10), 1056-1064.

274

326. Vigorita, V. J. (2008). Orthopaedic pathology. Philadelphia, PA: Lippincott Williams
& Wilkins.
327. Voort, V., & George, F. (1999). Metallography, principles and practice, ASM Int.
Materials Park, Ohio, 487.
328. Wan, L., De Asla, R. J., Rubash, H. E., & Li, G. (2006). Determination of in-vivo
articular cartilage contact areas of human talocrural joint under weightbearing
conditions. Osteoarthritis and cartilage, 14(12), 1294-1301.
329. Wan, L., de Asla, R. J., Rubash, H. E., & Li, G. (2008). In vivo cartilage contact
deformation of human ankle joints under full body weight. Journal of orthopaedic
research, 26(8), 1081-1089.
330. Wang, A., Sun, D. C., Yau, S. S., Edwards, B., Sokol, M., Essner, A., & Dumbleton,
J. H. (1997). Orientation softening in the deformation and wear of ultra-high
molecular weight polyethylene. Wear, 203, 230-241.
331. Wannomae, K. K., Christensen, S. D., Freiberg, A. A., Bhattacharyya, S., Harris, W.
H., & Muratoglu, O. K. (2006). The effect of real-time aging on the oxidation and
wear of highly cross-linked UHMWPE acetabular liners. Biomaterials, 27(9), 19801987.
332. Watanabe, K., Kitaoka, H. B., Berglund, L. J., Zhao, K. D., Kaufman, K. R., & An,
K. N. (2012). The role of ankle ligaments and articular geometry in stabilizing the
ankle. Clinical Biomechanics, 27(2), 189-195.
333. Weiss, R. J., Broström, E., Stark, A., Wick, M. C., & Wretenberg, P. (2007).
Ankle/hindfoot arthrodesis in rheumatoid arthritis improves kinematics and kinetics

275

of the knee and hip: a prospective gait analysis study. Rheumatology, 46(6), 10241028.
334. Weiss, R. J., Wretenberg, P., Stark, A., Palmblad, K., Larsson, P., Gröndal, L., &
Broström, E. (2008). Gait pattern in rheumatoid arthritis. Gait & posture, 28(2), 229234.
335. Wentorf, F. A., Steven Herbst, M. D., Gillard, D., Parduhn, C., & Smyth, S (2015).
Kinematic Evaluation of the Zimmer® Trabecular Metal™ Ankle Using Robotic
Technology.
336. Which Medical Device. (2017). Salto Talaris Total Ankle Prosthesis. Retrieved
November 05, 2017, from http://www.whichmedicaldevice.com/bymanufacturer/168/383/salto-talaris-total-ankle-prosthesis
337. Wiewiorski, M., Hoechel, S., Wishart, K., Leumann, A., Müller‐Gerbl, M.,
Valderrabano, V., & Nowakowski, A. M. (2012). Computer tomographic evaluation
of talar edge configuration for osteochondral graft transplantation. Clinical anatomy,
25(6), 773-780.
338. Williams, T. R. (1963). Infrared absorption spectroscopy (Nakanishi, Koji). Journal
of Chemical Education, 40, 616.
339. Wong, D. W. C., Niu, W., Wang, Y., & Zhang, M. (2016). Finite element analysis of
foot and ankle impact injury: risk evaluation of calcaneus and talus fracture. PloS
one, 11(4), e0154435.
340. Wright Medical Technology. (2014). ORTHOLOC® 3Di Ankle Fusion Plating
System. Retrieved November 05, 2017, from
http://www.wrightmedical.co.uk/ortholoc-fusion-system.html

276

341. Wright Medical Technology. (2017). Ankle external fixation system / circular / adult
SALVATION® Wright Medical Technology. Retrieved November 05, 2017, from
http://www.medicalexpo.com/prod/wright-medical-technology/product-81514702767.html
342. Wu, W. L., Su, F. C., Cheng, Y. M., Huang, P. J., Chou, Y. L., & Chou, C. K. (2000).
Gait analysis after ankle arthrodesis. Gait & posture, 11(1), 54-61.
343. Wynarsky, G. T., & Greenwald, A. S. (1983). Mathematical model of the human
ankle joint. Journal of biomechanics, 16(4), 241249-247251.
344. Yamada, H., & Evans, F. G. (1970). Strength of biological materials, Ed.
Philadelphia, PA: Lippincott Williams & Wilkins.
345. Yamaguchi, S., Sasho, T., Kato, H., Kuroyanagi, Y., & Banks, S. A. (2009). Ankle
and subtalar kinematics during dorsiflexion-plantarflexion activities. Foot & ankle
international, 30(4), 361-366.
346. Yang, L., Zhang, L., & Webster, T. J. (2011). Carbon nanostructures for orthopedic
medical applications. Nanomedicine, 6(7), 1231-1244.
347. Yaszemski, M. J. (2013). Biomaterials in orthopedics. Boca Raton, FL: CRC Press.
348. Yousif, A. E., & Al-allaq, A. A. (2013). The hydrodynamic squeeze film lubrication of the
ankle joint. International Journal of Mechanical Engineering and Applications, 1(2), 34-42.

349. Yu, J. (2009). Development of a computational foot model for biomechanical
evaluation of high-heeled shoe designs (Doctoral dissertation, The Hong Kong
Polytechnic University).
350. Zhao, H., Yang, Y., Yu, G., & Zhou, J. (2011). A systematic review of outcome and
failure rate of uncemented Scandinavian total ankle replacement. International
orthopaedics, 35(12), 1751-1758.
277

351. Zhou, B., & Tang, K. (2016). The Current Trend of Total Ankle Replacement. In
Arthroplasty-A Comprehensive Review. London, UK: InTech.
352. Zhu, Z. J., Zhu, Y., Liu, J. F., Wang, Y. P., Chen, G., & Xu, X. Y. (2016).
Posterolateral ankle ligament injuries affect ankle stability: a finite element study.
BMC musculoskeletal disorders, 17(1), 96.
353. Zvijac, J. E., Lemak, L., Schurhoff, M. R., Hechtman, K. S., & Uribe, J. W. (2002).
Analysis of arthroscopically assisted ankle arthrodesis. Arthroscopy: The Journal of
Arthroscopic & Related Surgery, 18(1), 70-75.

278

